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INTRODUCTION 

The National Educators' Workshop (NEW): Update 96 was held October 27-30, 1996, 
and was hosted by Los Alamos National Laboratory. This was the 1 lth annual 
conference aimed at improving the teaching of material science, engineering and 
technology by updating educators and providing laboratory experiments on emerging 
technology for teaching fundamental and newly evolving materials concepts. Sponsors 
included: U.S. Department of Energy; NASA: Norfolk State University -- Schools of 
Technology and Science, a historically black university; and National Institute of 
Standards and Technology -- Materials Science and Engineering Laboratories. 

The Hydrogen Education Outreach Activity at Los Alamos National Laboratory 
organized a special conference theme: Hydrogen arid the Materials of a Sustainable 
Energy Future. The hydrogen component of the NEW:Update 96 offered the 
opportunity for educators to have direct communication with scientists in laboratory 
settings, develop mentor relationships with laboratory staff, and bring leading edge 
materialdtechnologies into the classroom to upgrade educational curricula. Lack of 
public education and understanding about hydrogen is a major barrier for initial 
implementation of hydrogen energy technologies and is an important prerequisite for 
acceptance of hydrogen outside the scientifidtechnical research communities. 

The following materials contain the papers and view graphs from the conference 
presentations. In addition, supplemental reference articles are also included: a general 
overview of hydrogen and an article on handling hydrogen safely. A resource list 
containing a curriculum outline, bibliography, Internet resources, and a list of periodicals 
often publishing relevant research articles can be found in the last section. 



CONFERENCE PROCEEDINGS 

PLENARY 
HYDROGEN -- THE FUEL OF THE FUTC'RE 
James iMacKenzie, World Resources Institute 

EXPERIMENTSDEMONSTRATIONS 
NEW participants attended conference sessions in which speakers demonstrated 
experiinrnts that can be duplicated in their clnssroom. 

A MODELING CODE FOR EVALUATION OF HYDROGEN POWERED 
VEHICLES Salvador Aceves-Saborio, Lawrence Livermore National 
Laboratory and Norman Johnson, Los Alamos National Laboratory 

EXPERIMENTAL INVESTIGATION OF HYDROGEN TRANSPORT 
THROUGH METALS Rob Dye and Tom Moss, Los Alamos National 
Laboratory 

ELECTROLYTIC PRODUCTION OF HYDROGEN UTILIZING 
PHOTOVOLTAIC CELLS Mark Daugherty and Christine Zawodzinski, Los 
Alamos National Laboratory 

MINI- WORKSHOPS 
State-oj-the-art technology at a major research facil iv was presented by Los 
Alamos Ncitionul Laboratory technical .stLi# members 

MATERIALS FOR HYDRIDE BASED BATTERIES Ricardo Schwan 

HYDROGEN FUEL CELLS FOR UTILITY AND TRANSPORTATION 
APPLICATIONS Shimshon Gottesfeld 

ENGINEERING MATERIALS FOR HYDROGEN SEPARATION Rob Dye 
and Tom Moss 



"Yes. my friends, I believe that water will one day be employed as fuel, 
that hydrogen and oxygen which constitute it.  used singly or together, will 
furnish an inexhaustible source of heat and light, of an intensity of which 

coal is not capable. Some day the coalrooms o t  steamers and the tenders of 
locomotives will, instead of coal, be stored with these two condensed 
gases. which will bum in the furnaces with enormous calorrfic power. 

There is, therefore, nothing to fear .... I believe, then, that when the 
deposits of coal are exhausted we shall heat and warm ourselves with water. 

Water will be the coal of  the future." 

Jules Verne, The Mystrrioiis Isinnd. 1874. 

"Fossil fuels are merely part of the 'natural capital' Lvhich we steadfastly insist on treating 
as expendable, as if it were income, and by no means the most important part. If we 

squander our fossil fuels, we threaten civilization. but if we squander the capital 
represented by living nature around us. we threaten life itself." 

E.F. Schumacher, Srmill is Bcrrutiful. 1973 



HYDROGEN -- THE ENERGY CARRIER OF THE FUTURE 
Outline of Remarks at the 

National Educators’ Workshop: Update 96 

James J. MacKenzie 
Senior Associate 

Los Alamos, New Mexico 
October 28, 1996 

ABSTRACT 

Energy has played a critical role in human evolution. Over the centuries, 
there have been major transitions from renewable sources (animals, water 
wheels, wood, and wind mills) to the present systems based on fossil fuels. 
However, current patterns of global energy use are not sustainable. Fossil 
fuels account for about 90 percent of world commercial energy supply. 
Though large, reserves of these fuels are finite and depletion will 
eventually limit their use. Indeed, there is growing evidence that world 
production of crude oil will peak early in the next century. Global climate 
change is a second, more immediate, factor in the non-sustainability of 
present energy use. The balance of evidence suggests that fuel-related 
emissions of greenhouse gases such as carbon dioxide, methane, and 
nitrous oxide are having a discernible impact on the earths climate. To 
limit the concentrations of these gases, emissions will have to be reduced, 
not just stabilized. To keep the concentration of CO, below a doubling, 
major cuts in emissions -- Le. fuel burning -- would have to occur over the 
coming century. Improved energy efficiency and the introduction of 
renewable energy sources are the most promising means for moving 
toward sustainable energy use. Renewable energy sources suffer from the 
limitations of diffuseness and intermittency. Both of these limitations can 
be overcome by converting renewable energy into hydrogen, a readily 
storable, clean burning energy carrier. The obstacles to the widespread 
use of solar energy and hydrogen are outlined. 



HYDROGEN -- THE ENERGY CARRIER OF THE FUTURE 

James J. MacKenzie 
Senior Associate 

World Resources Instittue 

INTRODUCTION: THE EMERGING ISSUE OF SUSTAINABILITY 

places, agriculture is leading to impoverishment of the soils and to runoff of fertilizers 
and pesticides with cumulative effects of the environment. In others, underground 
supplies of fresh water, much of which is non-renewable over human time scales, are 
being depleted. Our use of non-renewable materials in our "once-through" society is not 
sustainable. And lastly, for several reasons, our current patterns of energy use are not 
sustainable. The challenge of the 21st century will be to steer the global economy onto a 
path that can be maintained indefinitely without damaging the natural systems on which 
we and the rest of Earth's passengers all depend. 

THE UNIQUE ROLE OF ENERGY 
The availability of affordable energy is an essential element to global economic 

development. Energy is needed for virtually every important function in modem society 
from growing and cooking food, to manufacturing, the heating and cooling of buildings, 
and transportation. The interruption of supplies by storms, earthquakes, wars, or other 
disasters quickly demonstrates how totally dependent we have become on the energy- 
consuming machines that shape and support our lives. Unlike other important resources, 
energy cannot be recycled. 

ROLE OF ENERGY IN EVOLUTION 
#l Milestones in Energy Evolution 

Energy has played a crucial role in the evolution of the human species. Fire was 
harnessed some 250 to 500 thousand years ago and allowed cooking of food and 
movement to colder climates. In addition to wood, various other forms of energy have 
been harnessed over the past few tens of thousands of years including domestic animals, 
sails to power ships, wind machines, and water wheels. 

#2 Evolution of Human Energy Use 
The energy budget of our ancestors, gatherers and hunters, was some 2000 to 

3000 calories per person per day. The growth in per capita energy use can be seen in 
figure #3. In a modem industrial society food accounts for a small fraction of total energy 
needs, about one percent, though the energy to grow, process, and cook it increases this 
slightly. There are many people today living at the level of the "gathering" or "primitive 
agricultural" stage. Their principal energy source is wood and about 2 billion out of the 
earths estimated 6 billion people rely on this source to meet most of their energy needs. 
Wood is the most widely used fuel worldwide. In many developing countries -- 
especially in Africa -- people meet 90 percent of their energy needs with biomass such as 
animal dung, fuel wood, and agricultural residues. 

The worlds economy today is not sustainable in several important ways. In some 



Coinciding with the end of the most recent ice age, some ten thousand years ago, 
humankind began to farm, allowing higher food production and the establishment of 
settlements. Gradually, per-capita energy consumption increased through the widespread 
diffusion of various forms of renewable -- if not sustainable -- energy. 

Modern industrial people consume energy at a rate equal to about 100 times our 
dietary needs. In effect, we have 100 energy industrial servants working for us in the 
form of electric power plants, internal combustion engines, air conditioners, stoves, and 
so forth. In a cruel reversal it now appears that -- unless major changes are soon made in 
the forms and uses of energy -- uncontrolled energy consumption may also lead to far- 
reaching, possibly irreversible, damaging changes in the earth and its climate and to the 
widespread jeopardy of many forms of life itself. 

#3 Transition Among Energy Sources 

by renewable resources: 
Until about the middle of the 19th century, the world was powered almost totally 

wood for heat, steam engines, and smelting of metals; 
water wheels, wind mills, sailing ships, and animal power for transportation and 

mechanical energy. 

In 1870 there was one horse or mule in the United States for every four persons. 
Horses and mules in the United States numbered 25 million in the early 1900s. There are 
only a few million today. 

The energy demands of the industrializing countries of the 19th century grew 
rapidly and could not be met, at the conversion efficiencies then common, with the I 

renewable resources then available. The steam engines of the past century converted at 
best a few percent of the energy in wood into useful work. And trees are very inefficient 
"solar collectors," capturing far less than one percent of the energy in the sunlight falling 
on them. Fireplaces were notoriously inefficient. The lesson here for us is clear: if we 
are to Dropose using renewable enerev sources. we must use enerev very. verv efficiently. 

With the reduced availability of wood and whale oil (for lighting), and the 
inability to concentrate large amounts of energy on the part of water wheels, windmills, 
and animals, the stage was set for a transition from the renewable technologies of the day 
to the more concentrated and more readily available forms of energy: the fossil fuels. 

Over the past one hundred years two major transitions among energy sources 
(excluding animal power) have occurred. The first was from wood to coal, beginning in 
the middle of the 19th century. This switch -- from a renewable energy source to a fossil 
fuel -- represented the first major transition in energy sources. The second transition 
began at about the turn of the century and is now largely completed. During this period, 
oil became the world's largest source of energy and, together with natural gas, displaced 
coal in many of its markets. In 1995, oil and gas accounted for about 63 percent of world 
commercial energy supply. 

As the world nears the end of the twentieth century, it finds itself facing a third 
major transition, though it is still not certain to which combination of energy sources we 
will be moving: renewables, nuclear fission, or some combination. In any case, new 
energy forms will be necessary and hydrogen is a leading candidate for energy carrier of 
the 2 1 st century. 

##4 Non Sustainability of Present System 



The next transition will not be driven by an underlying shortage of fossil fuels, 
though, as we shall see, oil resources are more limited than generally appreciated. Still, 
the world has huge coal and heavy-oil resources which in principle, and at a price, 
economically and environmentally, could be converted and upgraded into synthetic oil 
and natural gas. The coming transition among energy sources will occur in response to 
serious problems that arise primarily from the use of energy, especially the burning of 
fossil fuels. They include air pollution in the form of smog and acid rain, and, especially, 
climate change. The question of oil resources is intimately involved with these latter two 
issues. 

These threats to continued energy use are linked by the burning of fuels and 
together they point to the urgent need to reduce emissions by improving energy 
efficiency worldwide and, over the longer tern, developing new energy sources. Let us 
review these issues now in somewhat greater detail. 

ENERGY SECURITY, GREENHOUSE GASES, AIR POLLUTION: THE 
LINKED PROBLEMS 

The importance of petroleum products to the economic and national security of 
western nations was dramatically highlighted by the U.S.'s demonstrated willingness to 
go to war with Iraq in 1991 to ensure access to Persian Gulf oil. 

Paradoxically, while the United States was willing to fight to protect petroleum 
supplies on the other side of the world, it has no ion?-term strateev to reduce national 
deDendence on these producers by either improving energy efficiency or developing 
alternative energy sources. Nor, for that matter, do we have any policy to deal with any 
of the other threats posed by our present energy system. 

Oil is by far the country's largest source of energy and accounted for about 40 
percent of U.S. supply in 1995, followed by natural gas at 27 percent and coal at 24 
percent. Worldwide, petroleum products accounted for 40 percent of commercial energy 
supply. The strategic importance of oil in powering modem economies cannot be 
overemphasized. For example, the world's transportation system -- vital to the 
functioning of industrial society -- is virtually totally dependent on oil. 

and non-renewable. The question of when global crude oil production might peak and 
start declining is most relevant to any serious long-term energy planning. 

Although world (reported) proved oil reserves are very large, they are still finite 

In general terms we know what will happen to global oil production. In due 
course, new oil deposits will become scarce and costly to develop, requiring the 
introduction of replacement energy sources. We will not, however, run out in some given 
year. What can we say about when this peaking in production is likely to happen? 

#5 Bell shaped curve 

patterned after that of the late American geophysicist M. King Hubbert. Hubbert 
observed that, first, annual production of a non-renewable resource such as crude oil can 
be expected to rise, hit one or more peaks, and eventually fall as the resource is depleted. 
And second, that the sum of annual production over all time (that is, the area under the 
production curve) is equal to Estimated Ultimately Recoverable (EUR) reserves. 

In 1956, using consensus estimates of EUR oil in the lower-48 states (between 
150 and 200 billion barrels), Hubbert predicted that U.S. crude oil production in the 

The approach that I have taken40 estimate the future of world oil production is 



lower-48 states would peak between 1965 and 1970. He hit the nail squarely on the head: 
in fact, it peaked in 1970. 

#6 Production In the Lower 48 States 

cycle of U.S. crude oil production in the lower 48 states is shown in graph #7. 

#7 Cumulative Production in the Lower 48 States 
If annual production follows a bell shaped curve, then cumulative production 

should follow an S shaped logistic curve. A fit to lower 48 cumulative production is 
shown in this figure and it is from this curve that the EUR for lower 48 states is estimated 
at 189 billion barrels. Note the essentially perfect fit to the data over 60 years: through 
world wars, local wars, economic recessions, and fairly wide swings in oil prices. 

I have performed an analysis similar to Hubbert's and the predicted complete 

#8,9 (Annual and Cumulative Production in Alaska) 

ultimate limit of only about 15 billion barrels is inferred. 
The same kind of analysis can be carried out for Alaskan production where an 

ESTIMATES OF ULTIMATELY RECOVERABLE (EUR) CRUDE OIL 
Over the past fifty years, many oil companies, geologists, governments, and 

private corporations have performed scores of studies of EUR global crude oil. (EUR oil 
is the total amount of oil that will eventually be pumped from the earth.) 

#10 Estimates of EUR 

taken together, reflect a consensus among oil resource analysts that EUR conventional oil 
resources lie within a fairly narrow range of 1,800 to 2,200 billion barrels. As of the end 
of 1995, the world had consumed about 765 billion barrels of these ultimately 
recoverable reserves. 

Estimates made from the 1950s on, plus those from several other recent studies, 

LIKELY FUTURES FOR GLOBAL CRUDE OIL PRODUCTION 

about 2 percent per year -- it is straightforward, using a simple depletion model, to 
estimate when production of conventional crude oil might begin to decline as a result of 
resource constraints. To evaluate the sensitivity of the year of peaking to the amount of 
EUR oil, I assumed an array of values for EUR oil from a low of 1800 billion barrels to a 
high of 2600. I fitted simple curves whose areas correspond to these values and whose 
production matches 1994 and the value predicted by DOE for the year 20oO. 

Given these estimates, and assuming moderate growth in global oil demand -- 

#I 1 5 Scenarios 
This figure shows that the expected year of peaking is remarkably insensitive to 

the assumed amount of ultimately recoverable oil. At the low end, for EUR oil equal to 
1800 billion barrels, peaking could occur as early as 2007; at the expected high end (2200 
billion barrels), peaking could occur around 2013. An implausibly high 2600 billion 
barrels for EUR oil would postpone peaking only another five years -- to 2019. 

Evaluating these conclusions, some might argue that there are insufficient 
financial incentives to explore for new oil fields because world proved reserves are 
already quite ample. In effect this argument is that EUR oil is far greater than implied in 
the dozens of estimates shown in #11. After all, with reported proved reserves of a 1000 
billion barrels and annual production of 22 billion barrels, they argue, global oil reserves 
should last some 45 years. In a world awash in oil, why go looking for more? 



Preserve/production (€UP) Ratio of 45 Years 

held constant for 45 years. Oil does not flow freely at a constant rate from a large 
container marked "proved reserves." Rather, each field has an optimal range of 
production (depending on the size of the oil field, remaining reserves, and other 
considerations) which, if continuously exceeded, will jeopardize the field's long-term 
productivity. In short, maintaining production at a constant annual requires continual 
additions to reserves. 

Unfortunately, a IUP ratio of 45 years in no way implies that production can be 

ROLE OF HIGHER PRICES 

Others may argue that as oil scarcity takes hold, prices will rise, creating greater 
incentives and encouraging the use of new technology to find new oil fields and increase 
recovery factors. This is certainly true. But, the record of both U.S. and global oil 
exploration shows only marginal results. 

When world oil prices were high, from 1974 through 1985, the number of 
exploratory and development wells in the United States increased dramatically, from 28 
thousand in 1973 to a peak of 90 thousand in 198 1. A high level of exploratory activity 
persisted until world oil prices crashed in 1986. Yet, during this entire period, proved 
reserves in the lower-48 states declined, from 25 billion barrels in 1973 to 20 billion in 
1986. Crude oil production declined by 24 percent. Presumably, reserves and production 
would have declined even faster had oil prices remained low. 

The lower 48 states represent the most explored real estate on earth. According to 
the Department of Energy, as of 1986, about 80 percent of all the wells ever drilled 
worldwide (about 2.9 million) were drilled in the United States. The chances of finding 
large new oil fields, at least in the lower 48 states, are slim. Indeed, the success rate in 
finding new oil in the United States has continued to decline over the past 2 decades, 
from 17 barrels per foot drilled in the 1970s to about 8 barrels in the 1980s. With 
declining exploration and lower finding rates, U.S. proven reserves have dropped by 17 
percent since 1977. 

Worldwide, during the 1970s and 1980s, global exploration by national oil 
companies increased dramatically with few new giant fields found. According to Shell 
International, "Although world reserves have risen by 65 per cent since 1970, nearly all 
of these giant fields were discovered before that date." 

It is not surprising that few new giant oil fields are being found. Indeed, 
according to the USGS, global discovery of new oil fields peaked in 1962 and has been 
declining since. And it is in the giant oil fields that most of the oil is found. The one 
percent largest oil fields contain three quarters of all recoverable oil. The largest 3 
percent of fields contain 94 percent of all discovered oil. At the other end of the 
spectrum, the 39,833 smaller fields (97 percent) contain only 6 percent of the crude oil 
that will ultimately be recovered. 

If most of the giant oil fields containing most of the oil have already been found, 
then accelerated exploration will, at best, identify only the few remaining major fields 
and a larger number of smaller ones. While helpful, these smaller fields will not be able 
to offset the long-term exhaustion occurring in the relatively small number of very large 
fields. Increased recovery factors in older fields will also help slow the decline in 



production; including higher estimates of ultimately recoverable oil, as we have done 
here, is one way to represent this effect. 

No one knows, of course, what will happen year by year to world oil prices or 
global oil demand. But peaking of production early in the next century seems certain if 
the majority of oil estimates made over recent decades prove even roughly correct and if 
crude-oil consumption continues to rise moderately as expected. Under projected trends, 
world crude-oil production will begin to fall within years, not centuries, so decision- 
makers must reckon with the inevitable and begin introducing replacement energy 
sources as soon as possible. 

Hydrogen, as an energy carrier, could play an important role in this coming 
transition, especially in the transportation sector. 

GLOBAL WARMING 

#12 Cartoon of Greenhouse Effect 

effect. Greenhouse warming occurs when a blanket of atmospheric gases allows sunlight 
to penetrate to the earth, but partially traps the earth's radiated infrared heat. 

Energy use threatens the global environment through an enhanced greenhouse 

Some greenhouse warming is both totally natural and necessary. The earths 
natural greenhouse effect is largely the result of water vapor and carbon dioxide. 
Without it the earth would be about 60" F colder and life as we know it would not be 
possible. Mars has a very thin atmosphere with few greenhouse gases and maintains a - 
temperature of -53" C (-63" F), while Venus suffers from a "runaway greenhouse effect," 
and has an average temperature of 447" C (840" F). Like Goldilocks and the 3 bears, the 
earth is in between Mars and Venus. It is "just right" for life. 

It was the great French mathematical physicist Jean Fourier who argued in 1827, 
that the atmosphere acts like the glass of a greenhouse by letting in the visible rays and 
energy of the sun, while impeding the escape of the earths radiant heat, or infrared 
radiation as it came to be known, back into space. The absorption of radiant heat was 
determined to depend primarily upon small amounts of water vapor (H20) and carbon 
dioxide (CO2) found in the atmosphere. The atmosphere is composed of about 1-2 
percent water vapor but less than 0.035 percent carbon dioxide. 

In 1896, Swedish chemist Svante Arrhenius correctly argued that the quantities of 
H20 and C02  then present in the atmosphere absorbed enough infrared radiation to warm 
the earth by nearly 33" Celsius (59" F). In the absence of these gases, he concluded, the 
earth would be an ice-bound, frozen planet. Remarkably, Arrhenius went on to examine 
what would happen if then-industrializing societies continued to expand their reliance on 
fossil fuels. He concluded that a doubling of atmospheric carbon dioxide would raise 
average global temperatures by 5.5" C, a figure he later revised to 4" C.  This number is 
remarkably consistant with the now oft-cited range of 1 .5" to 5" C. 

For many years carbon dioxide was believed to be the only significant greenhouse 
gas that was increasing. However, about 20 years ago, scientists recognized that other 
gases were also trapping the earth's infra red radiation and that these gases were also 
accumulating in the atmosphere. 



Over the past century, human activities have led to the buildup of not oniy carbon 
dioxide but other greenhouse gases including methane. nitrous oxide, and the 
chlorofluorocarbons (or CFCs). (It now appears that the warming of the CFCs is being 
offset by a cooling effect from the destruction by the CFCs of the ozone layer in the 
lower stratosphere.) 

#I  3 

warming from long-lived gases. There is additional negative forcing from aerosols 
(biomass, losses in ozone and others). 

Carbon Dioxide Trends: Emissions and Concentration. 
The buildup of carbon dioxide accounts for about two-thirds of the greenhouse 

#14 Temperature record and prediction 
There is considerable debate as to whether global warming has already been 

observed. As shown in Figure 14, global data indicate that 1995 was the hottest year in 
the past century. And the next 9 hottest years have all occurred since 1980. Though the 
eruption of Mt. Pinatubo in the Philippines and air pollution from coal burning have 
offset some of the warming, up until 1991, the growth rate of warming was greater than 
at any other time on record. 

The computer modeling of the earth's mean surface temperature -- incorporating 
only Green House Gases (GHGs) -- predicts higher temperatures than have been 
observed. But recent studies, incorporating the cooling effects of pollution, lead to much 
better agreement. Regional predictions of temperature changes are beginning to be more 
reliable as well. 

There are, in addition to increasing global temperatures, a number of other 
indicators consistent with the advent of worldwide global warming: 

o the stratosphere is cooling, as predicted by climate models; 

~ 

o land-based glaciers are retreating worldwide; 

o snow-cover is diminishing; 

o the depth to permafrost in the Arctic is increasing (i.e. the surface is warming); 

o the oceans are rising from thermal expansion of the oceans and the melting of 
snow and ice and glaciers; 

Enhanced global warming from the buildup of greenhouse gases is scientifically 
well established. But because of the number of possible feedback loops, there are still 
significant uncertainties about how large regional changes will be and how quickly they 
will occur. And it could easily be few more years before better answers to these 
questions are available. 

INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE (IPCC) REPORT 

According to the 1995 assessment by the IPCC, "the observed warming trend is 
unlikely to be entireiv natural in origin." and "the balance of evidence suggests that there 
is a discernible human influence on global climate." 



Without question, coping with climate change will have major implications for 
future patterns of energy supply and demand including the nature of the fuel used in 
motor vehicles. 

WHAT ARE THE ANTICIPATED IMPACTS? 

It is hard to predict regional impacts but some of the risks from climate change 
include: 

o more frequent human health impacts from higher temperatures such as heat 
waves: 

o more smog as temperatures rise; 

o high incidence of tropical diseases from insects and disease vectors that move to 
higher latitudes with the warming: these include malaria, dengue, yellow fever; 

o erosion of barrier islands and coastal beaches as sea levels rise and tropical 
storms intensify; 

o a substantial fraction of the existing forested areas of the earth will undergo 
major changes in vegetation types; 

o deserts will become more extreme, hotter but no wetter; 

o destruction of productive coastal wetlands and estuaries; 

o saltwater intrusion into coastal groundwater; 

o damages to coastal cities and infrastructures such as highways, powerplants, and 
sewage treatment plants; 

o intensification of the global water cycle with major impacts on regional 
resources 

o reduction in availability of water for irrigation, hydropower, and navigation; 

o less cooling and drinking water from rivers; 

o mixed impacts on agriculture; some potential benefits in the developed world 
and losses in developing countries. Some loss of agricultural production from 
extended droughts; and 

o move frequent forest fires. 

Climate change will be one of the most important factors, perhaps the most 

’ 

important, affecting energy planning over the coming decades. And its implications for 
fossil fuel energy use and motor vehicle use, in particular, are profound. According. to 
the IPCC. stabilizing. atmospheric carbon dioxide levels will require the world to cut 
carbon dioxide emissions bv at least 60 Dercent. It is clear that if one accepts the threat of 
global warming, major reductions in worldwide greenhouse gas emissions will have to 



occur. The U.S. is the single largest source of carbon dioxide and has a responsibility to 
be taking the lead. 

#I5 US CO:! Emissions 
Yet, U.S. C02 emissions continue to grow, about 2 percent per year for the past 

few years. The two largest sources of carbon dioxide emission are the electric utilities 
and transportation. The utilities account for about a third and believe that they have little 
choice at the moment but to burn fossil fuels. Nuclear power is not an option at this time. 
Carbon dioxide emissions from the electric utilities and transportation have been growing 
over the years while emissions from industry and buildings have declined. This reflects 
the long-term trend toward electrification of the economy, on the one hand, and the total 
dependence of cars and trucks on cheap oil on the other. 

#I6 Global C02 Emissions are Also Growing 
#I 7 Scenarios for Concentrations and Emissions 

policy makers talk of a global goal of no more than a doubling of C02 concentrations. 
(It is now about 350 ppm, 30 percent above preindustrial levels.) It would be very 
difficult to stop at less than a doubling. 

This figure shows possible pathways to stabilized C02 concentrations. Some 

#18 Summary of Climate Change and its Implications for Energy Consumption. 

NEED FOR RENEWABLE ENERGY SOURCES 

#I9 Properties of Renewables and Need for Hydrogen storage 

renewable energv technologies, such as photovoltaic, wind, solar thermal -- and the 
development of better energy storage technologies such as batteries, flywheels, and 
hydrogen. Unless Germany, the U.S., Japan, and other industrialized nations develop and 
use high-efficiency and solar technologies there is little hope of developing countries 
doing so. 

To achieve this goal, we need to more aggressively encourage development of 

While global climate change affects all fossil fuels, the oil problem is primarily a 
transportation problem. As a result, we need to promote more materials R&D to 
accelerate the introduction of more sustainable transportation technology such as battery 
and hydrogen fuel cell powered vehicles. Fuel cell vehicles will greatly reduce air 
pollution as well as greenhouse gas emissions. Interest in electric drive vehicles (EVs) 
has increased over the past decade, especially in Japan and Germany. 

Most hydrogen today is obtained from natural gas, a depletable source. 
Production of hydrogen from renewable sources -- through electrolysis, direct 
photochemical reactions, or biomass waste gasification -- is a possible long-term source. 
In this case, virtually no carbon dioxide or pollution emissions would result. 

Although hydrogen-fuel-cell vehicles share many of the attractive features of 
battery EVs, their widespread commercial use is some distance down the road. Fuel-cell 
technology is less mature and there is little infrastructure to support its use. Still, like 
battery-powered vehicles, fuel-cell powered vehicles would take us one step toward 
developing a sustainable energy system. Their use would cut air pollution and 
greenhouse gas emissions, reduce oil imports, and mitigate the threats to U.S. security. 
Since a national pipeline system might be needed to distribute this fuel widely, the 



natural gas industry could help engineer the hydrogen economy, eventually providing the 
transmission and compression facilities and, perhaps, even the hydrogen itself. 

#20 Hydrogen R&D Needs and Goals 

must be introduced. Research is needed to reduce production and storage costs, improve 
fuel cells, and identify the most practicable forms for a hydrogen infrastructure: the best 
ways of producing, transporting, storing, and consuming hydrogen. 

To achieve the full benefits of renewables, hydrogen, and other energy carriers 

We also need to help the less developing countries to use renewable and hydrogen 
technologies. This is where I believe the developed nations have a special responsibility. 

A U S .  economy structured along the lines proposed here would have a 
sustainable energy supply: as long as the sun shines, electricity and hydrogen would be 
available to power its homes, buildings, factories, and vehicles. Such an energy economy 
would also be self-sufficient -- reducing our need to import fuels from abroad. This 
would also be applicable and replicable in other parts of the world. The technologies are 
relatively straightforward to manufacture and are decentralized in their application. In 
short, renewable energy and energy efficiency together offer both the United States and 
the world a path to secure, clean, sustainable energy and the underpinnings for long-term 
economic development. 



MILESTONES IN ENERGY EVOLUTION 

TIME 
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Future 
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COPING WITH CLIMATE CHANGE: 
IMPLICATIONS FOR ENERGY 

CONSUMPTION 

There is a natural Greenhouse Effect. Earth is 60 F 
warmer than without it. 
Humankind is increasing concentrations of GHG 
Carbon dioxide is principal GHG; the most important 
source is fossil fuel burning. 
Observed changes consistent with climate modeling 
Without major cuts, irreversible changes will occur 
Message: must move to non-fossil energy 
Only two options: renewables and fission 
In either case, hydrogen needed as a “carrier” 
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PROPERTIES OF RENE WABLE ENERGY 
TECHNOLOGIES 

ATMOSPHERIC FRIENDLY (no carbon or pollutant 
emissions, except for biomass) 
INTERMITTENT (day and night, windy or calm, rain 
or drought, etc.) 
DIFFUSE (They require large collection areas) 
MOSTLY ELECTRICITY SOURCES (Except for 
biomass and water heaters) 
UTILITY of renewables improved with energy 
storage (hydrogen, batteries, flywheels) 
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Computer Modeling in the Design and Evaluation of Electric and 
Hybrid Vehicles 
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Norman L. Johnson2 

1. Lawrence Livermore National Laboratory 
2. Los Alamos National Laboratory 

ABSTRACT 

Modeling is an important tool in the design and evaluation of vehicles. Direct testing of 
vehicles is expensive, time-consuming and difficult. While it is recognized that vehicle 
testing is always necessary, models can provide accurate estimates of vehicle 
performance at reduced cost and effort. The current research and development activity on 
alternative-fuel vehicles is a result of stricter emission regulations and federal goals for 
high-efficiency automobiles . Therefore, the use of accurate engine and vehicular 
modeling tools, especially when applied to non-conventional cars and power trains 
continues to grow in importance. 

The demonstration will begin with an overview of the use of engine and vehicle modeling 
tools. Next, the LLNL hybrid evaluation code will be appliedto electric and hybrid 
vehicles, with an emphasis on the use of hydrogen as an ideal low-emissions fuel. 
Vehicle components may include: engines, fuel cells, batteries, flywheels, motors, and 
generators. A set of data files will be provided as examples. These files can be edited with 
a text editor to run different vehicle configurations. This demonstration is intended to 
serve two purposes: 1) illustrate the changes in performance and fuel economy that result 
from the changes in vehicle characteristics, and 2) show the application of simulation 
tools to solve current engineering problems. 

~ 



Computer Modeling in the Design and Evaluation 
of Electric and Hybrid Vehicles 

Salvador M. Aceves 1 , J. Ray Smith 1 , and Norman L. Johnson’ 

Lawrence Livermore National Laboratory ’ Los Alamos National Laboratory 

Key Words: Hybrid vehicles, Electric vehicles, Hydrogen fuel, Vehicle simulation. 

Prerequisite Knowledge: Computer science (executing a Fortran program), analysis 
techniques (plotting numerical results, comparison of simulation runs), vehicle design 
(some knowledge of components of automobiles). 

Objectives: To illustrate the changes in performance and fuel economy that result from 
the changes in vehicle characteristics, and to show the application of simulation tools to 
solve current engineering design problems. 

Supplies: Computer with Fortran compiler, text editor, graphics plotting software. 
Modeling code is available from nlj @lanl.gov 

Introduction: 

Light-duty vehicles (consumer automobiles), are major contributors to urban air polluti-on 
and greenhouse emissions. They also consume much of the oil supply to the country, 
causing oil dependence on unreliable foreign sources. 

This demonstration project uses modern simulation techniques to illustrate the important 
technologies and design variables that an auto-designer would consider in producing a 
high efficiency, low emissions vehicle. Simulation and modeling techniques use the idea 
capturing the relationships between real components of the system with mathematical 
equations. These equations are then solved on a computer to simulate the behavior or 
performance of the system under various conditions. Simulations and models are a useful 
analysis tool for the following reasons: 

To provide insight and understanding of the real system 

To predict the performance, given modifications of the system. 
To supplement experimental results 

To optimize the performance of the system. 
To develop control or operation strategies of the system. 

Especially the complex dynamics from the interaction of simple physics 

Especially when experiments are costly, unavailable or of low fidelity. 

In the current demonstration project, we focus on many variations of a hydrogen-powered 
vehicle. The fuel that powers the vehicle is hydrogen gas. When hydrogen is burned in 
the presence of an excess of oxygen (a lean mixture), the only combustion product is 
water. There is carbon monoxide (CO), a poisonous gas; or carbon dioxide (C02) an 
undesirable greenhouse gas, produced, ; and very little nitric or nitrous oxides (NO and 
N 0 9 ,  pollutants that cause brown hazes and are very irritating to the lungs. 
Furthermore, hydrogen can be produced from renewable sources, such as solar or wind 
power, thereby eliminating our dependence on oil in the US and on foreign oil. Even 
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more exciting is that when used in a properly designed combustion engine or fuel cell, the 
power plant can achieve very high efficiencies, much higher than modern combustion 
engines used in automobiles. 

The demonstration project also focuses on a particular type of vehicle, the series hybrid 
vehicle, that has been shown to have much higher operating efficiencies. When the high 
efficiency, low emission hydrogen engine is combined with a high efficiency series 
hybrid vehicle, the result is a vehicle that has nearly zero emissions, performs well, and is 
highly efficient. 

The Series-Hybrid Vehicle with Advanced Energy Storage: 

Series hybrid vehicles provide an alternative for obtaining vehicles with high fuel 
economy. Gasoline engines in conventional cars typically have a peak efficiency of 
approximately 32%. However, most of the driving is done with the engine operating at 
low power conditions, during idling or city driving. At low power conditions, the engine 
operates well below its optimal efficiency, resulting in a lower vehicle fuel economy. In a 
series hybrid vehicle the engine always operates at or near its optimum, without ever 
idling. The components of a series hybrid vehicel are shown in Figure 1. A critical 
difference between a conventional vehicle and a series hybrid vehicle is in the power 
train. This is shown schematically in Figure 2. Conventional cars have a direct 
mechanical link from the engine to the transmission and to the wheels, and therefore the 
engine operating conditions are set by the vehicle speed and power demands. Series 
hybrid vehicles do not have a mechanical link between the engine and the wheels; an 
electric motor provides the tractive power and recovery of energy during braking (called 
regenerative braking). The engine can be an internal combustion engine (abbreviated 
ICE), as found in current automobiles or fuel cells, the power plants of the future. 

An engine in a series hybrid vehicle operates in an on-off mode. When the engine is 
running it drives a generator that supplies electricity to both the electric motor and an 
energy storage system. Batteries or flywheels can be used for energy storage. The storage 
system supplies electricity to the traction motor when the engine is turned off. Because 
the storage system uncouples the engine from the wheels, electric power generation is at 
optimum efficiency. Series hybrid vehicles have a high fuel economy because the engine 
is both sized closer to the car’s average power consumption and operated under its most 
efficient conditions without idling. As will be shown in this demonstration, series hybrid 
vehicles are very sensitive to the efficiency of the energy storage system, and 
consequently, an efficient energy storage system is necessary for obtaining a high fuel 
economy. Advanced flywheels can provide it high efficiency and are therefore the 
preferred energy storage devices. 

HVEC: The Hybrid Vehicle Evaluation Code: 

This demonstration illustrates the application of the Hybrid Vehicle Evaluation Code 
(HVEC) to hydrogen hybrid vehicles. The analysis describes the operation of series 
hybrid vehicles, and the sensitivity of vehicle fuel economy to some of the main vehicle 
parameters. HVEC can be used to analyze all electric vehicles and hydrogen-fueled 
hybrid vehicles. Vehicle components may include: combustion engine, fuel cell, battery, 
flywheel, motor, and generator. The present demonstration concentrates on series hybrid 
vehicles with hydrogen as a fuel, because these have the potential of reaching a very high 
fuel economy and near-zero emissions. 

HVEC is a Fortran computer code that models the performance and emissions of an all 
electric or hybrid vehicle in response to a variety of operating conditions. The physics 



included in the code are simple dynamics - a certain amount of energy is required to 
perform a specified task. The model includes relationships between operating conditions 
and required performance data, such as various energy iosses in the system or emissions. 
These relationships are obtained from a variety of sources: experimental, more complex 
computer simulations, or analytical studies. HVEC is one of a broad class of simulation 
codes that help designers quickly analyze the performance of a system given a variety of 
competing designs or operating conditions. The results are then used to select the 
optimal design, to focus on areas of needed improvement, to optimize the operating 
conditions, or to gain insight into the dynamics of the system. This broad class of 
simulations codes are called thermodynamic, zero-dimensional, or system simulation 
codes, and they offer rapid solutions that are accurate within the applicability of the 
correlations used in the code. Other simulation codes are used to examine more details of 
the operation of components of the larger system, like the operation of the hydrogen- 
fueled engine or the flywheel. These “multi-dimensional” codes require fewer 
assumptions about the dynamics of the system and are often used to provide the system 
simulation codes with the necessary correlations. An example of these is KIVA, a code 
developed at Los Alamos National Laboratory for analysis of fluid mechanics and 
combustion phenomena inside an internal combustion engine [ 11. 

The sequence of processing in the HVEC code is (1) reading the input files that define the 
vehicle and the performance characteristics of the components, (2) evaluating the 
performance of the vehicle under specified driving schedules, and (3) producing a list of 
the results. HVEC runs in non-interactive mode, with all the vehicle and component 
Parameters specified in data files, which can be modified with a text editor. The data file 
that specifies the hydrogen series hybrid vehicle is titled “4HYBFLY.CAR.” This needs 
to be modified for this demonstration. Other data files used in the program that do not 
need to be modified are: driving schedule, battery, fuel cell, and motor files (extension I 
names .SCH, .BTR, .FCL, and .MOT). The results of the execution of the program are in 
data files that have an extension name .DAT. HVEC does not provide a graphic post 
processor, but the .DAT files can easily be imported in a graphing package. 

Procedure for using HVEC : 

Start by using a text editor to see the contents of the 4HYBFLY.CAR file. The file 
contains data for a specific hybrid concept vehicle that has been developed at Lawrence 
Livermore N.ational Laboratory over the last few years [2,3]. The most important vehicle 
parameters are listed in Table 1 and in Figure 1. Exit the text editor without modifying 
the data file, and execute HVEC. When called, the program responds with a list of 8 
vehicle configurations that can be analyzed. Choose “engine-flywheel hybrid” by typing 
4 followed by the Enter or Return key. The program asks for the names of the vehicle 
file, and two results files. Press Enter three times to accept the default names 
(4HYBFLY.CAR, RESULTS.DAT, and SUMMARY.DAT). The program first 
calculates fuel economy and emissions by running a simulated drive of the concept 
vehicle over two driving cycles: the urban and highway driving cycles specified in the 
EPA Federal Test Procedure. Results for the urban and highway cycles are then used for 
calculating results for the combined cycle. The combined driving cycle is defined as 55% 
urban driving and 45% highway driving. After finishing the simulated drives, HVEC 
calculates vehicle acceleration performance (time for 0-97 kmk, 60 mph), and hill 
climbing performance (hill slope in % that the car can climb at a constant 97 km/h, 60 
mph). When the program is finished, use the text editor to read the results from the 
SUMMARY.DAT file. The most important results are listed at the end of the file, and 
included here in Table 1. 



The results in Table 1 indicate that the vehicle has a very high fuel economy, approaching 
the 80 mpg goal set by the Federal Government through the Partnership for a New 
Generation of Vehicles. Vehicle engine and motor are specified to meet performance 
parameters considered acceptable for the general public (6% hill climbing at 97 km/h and 
10 seconds for 0-97 km/h acceleration). 

Next, the file FLYWHEEL.DAT can be used to illustrate series hybrid vehicle operation. 
Import the file into a graphics software, and make a plot of the fourth column (state of 
charge) in the y-axis, vs. the first column (time) in the x axis. Only the results for the 
urban cycle need to be plotted. Results for the highway cycle follow those for the urban 
cycle in the file. These can be deleted before making the plot. Figure 3 shows the results. 
This figure shows flywheel energy storage divided by its maximum capacity as a function 
of time. Initially, the state of charge is low and the engine is running to charge the 
flywheel. When the flywheel is charged (at about 130 seconds), the engine is turned off, 
and the flywheel provides all the energy for accessories and transportation. When the 
flywheel is discharged again, the engine is turned on to repeat the cycle. 

Finally, HVEC is applied to analyze the sensitivity of vehicle fuel economy (combined 
cycle) to the following vehicle parameters: test weight, frontal area, rolling friction 
coefficient, flywheel efficiency, and accessory load. This is to determine which of these 
parameters has the greatest effect on fuel economy, indicating where the greatest efforts 
should be directed for obtaining high fuel economy vehicles. To do this, start by 
multiplying the test weight by 0.9 (1272*0.9=1145) and substitute the result as the test 
weight in the file 4HYBFLY.CAR. Run HVEC and obtain the combined cycle fuel 
economy from the SUMMARY.DAT file (this can also be read directly from the screen). 
The result is 33.7 W l ( 7 9 . 2  mpg). Now, change the vehicle weight in the data file back 
to its original value, and replace the value of the frontal area by 90% of its original value 
and run HVEC. Repeat this procedure for all the variables listed above, keeping all 
variables at their original value, except for the single variable being modified. The fuel 
economy obtained from these runs can then be used in obtaining the percent change in 
fuel economy that results from a 10% reduction in any vehicle parameter. The percent 
change in fuel economy for a 10% change in vehicle weight is: 

100*(79.2-75.6)/79.2=4.54% 

All other percent changes are calculated in a similar way. The results are illustrated in 
Figure 4. The figure shows the percent change in vehicle fuel economy for a 10% 
reduction in the given parameters. The percent change in fuel economy due to reductions 
in mass, area, rolling friction coefficient, and accessories is positive because fuel 
economy increases when these parameters are reduced. Fuel economy decreases due to 
reductions in flywheel and engine efficiencies, resulting in negative changes for these 
variables. It can be seen that fuel economy is most sensitive to engine efficiency and 
flywheel efficiency (about 10% for a 10% change in these parameters), with smaller 
changes in fuel economy due to changes in weight, area, rolling friction coefficient, and 
accessories. The great sensitivity of fuel economy to flywheel efficiency is what makes it 
necessary to have an efficient energy Storage system for series hybrid vehicles to be 
successful. A typical battery has an efficiency of the order of 70%, which may result in a 
low vehicle fuel economy. Accessories can increase substantially (up to 3 kW) if air 
conditioning or heating is required. Under these conditions, accessories would have a 
great effect on fuel economy. 

Suggestions for additional studies: 



I .  Because the weight of the vehicle is included into HVEC, the importance of using 
advanced light-weight materials in the construction of the vehicle can be evaluated or 
the effect of using the vehicle as a light duty truck. 

2.  Suppose that fuel economy was less important than acceleration. Redo the above 
study looking at acceleration times. 

3. The relative effect of changing the variables (such as the conclusion that the best 
payoff is to focus development in the proposed study is in the flywheel and engine 
design) differ under either various designs and operating conditions. Repeat the 
above study with a different design. 

4. Use HVEC to optimize the vehicle transmission. Modify the value of the lst gear 
reduction ratio given in the 4HYBFLY.CAR file (numbered 24). Make 11 runs of 
HVEC for values of the reduction ratio between 200 and 400 at intervals of 20, and 
keep a record of how the fuel economy changes as the gear ratio changes. A gear ratio 
will exist for which a maximum fuel economy is obtained. Also, keep track of the 
acceleration time as these runs are made. Minimum acceleration time (maximum 
vehicle performance) will not be obtained at the same gear ratio as maximum fuel 
economy. This is an example of conflicting requirements in vehicle design where a 
compromise has to be made between optimum performance and optimum fuel 
economy. 

Notes to the Instructor: 

1. When modifying the data files, make sure that no additional lines are introduced in 
the file. The file is read line by line, and if the required information is not found in the 
exact line, the program may crash or give wrong results. It is recommended that the 
original files be backed up before modifying to be able to recover from these 
problems. 

2. Make sure to use an ASCII text editor. If a word processor is used, make sure that the 
files are saved as ASCII text. 
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Glossary: 

Accessories: Automotive components that are necessary for meeting passenger needs not 
directly related to transportation. Accessories include air conditioner, radio, powered 
windows, etc. 
Accessory load: Power required to drive all accessories, in Watts. Air conditioning and 
heating are the accessories that require the most power. 
ASCII Format for storing information in a computer. This format only permits the use of 
256 basic characters. This is a basic format that can be read and used in any computer. 



Drag;: Force exerted on a body as a result of the motion of a fluid around it. For cars, drag 
is given by the following equation: 

where Cd is the drag coefficient, r is the air density, A is the vehicle frontal area, and v is 
the velocity. 
Drag coefficient: Constant used in calculating drag. See above. 
Flvwheel: A rotating mass used to store kinetic energy. A flywheel stores energy as its 
speed increases, and gives up energy as its speed decreases. Advanced flywheels rotate at 
speeds of up to 80000 revolutions per minute. 
Fuel cell: Device that converts fuels into electrical energy through electrochemical rather 
than mechanical means. 
Partnership for a New Generation of Vehicles: A collaboration between the Federal 
Government and the car manufacturers (Ford, GM, and Chrysler) to develop high fuel 
economy, low emitting vehicles. 
Regenerative braking: Braking in which the loss of kinetic energy from braking is stored 
and subsequently fed back to provide tractive effort. Currently it is only practical in 
electric and series hybrid vehicles where braking can be achieved by using the motor as a 
generator. 
Rolling friction: Retarding effect on a vehicle, consisting primarily of tire and mechanical 
friction. It is calculated as: 

where r is the rolling friction coefficient, m is the vehicle test weight, and g is the 
acceleration of gravity (9.8 m/s2) .  
Tractive Dower: Power required to move a car under a given set of conditions. 



Table 1. Main parameters and results (fuel economy and performance) for the LLNL 
concept hydrogen hybrid vehicle specified in 4HYBFLY.CAR. 

Vehicle parameter Value 

Test weight, kg (empty weight +136 kg) 
Frontal area, m2 
Drag coefficient 
Rolling friction coefficient 
Flywheel turnaround efficiency, % 
Accessory load, Watts 
Engine peak efficiency, % 
Generator peak efficiency, % 

1272 
2.04 
0.24 
0.007 
90 

46 
lo00 

95 

Results 

Fuel economy, urban driving cycle, km/l (mpg) 
Fuel economy, highway driving cycle, kmn (mpg) 
Fuel economy, combined driving cycle, km/l (mpg) 
Time to reach 97 km/h (60 mph), seconds 
Climbing slope at 97 km/h (60 mph), % 

Value 

29.3 (69.0) 
36.4 (85.6) 

10.0 
5.96 

32.1 (75.6) 



Electric drive motor: 80 kW (maximum power) 
Body and frame - C,= 0.24; 1272 kg (testwt) 
Cross-sectional area: 2.04 m2 30-kWoptimized Regenerative braking 
75-mpg energy equivalence 

PRIMARY ENERGY CONVERSION 

ICE or PEM fuel cell 

FUEL STORAGE 
3.75 kgi300-mile 

of 

Liquid hydrogen 

SECONDARY ENERGY 

Advanced batteries 

or 

Advanced flywheel 

Figure 1 .  Components of a hydrogen series hybrid vehicle, including engine, fuel storage 
and energy storage device. 
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(a) conventional vehicle power train 
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(b) series hybrid power train 
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Figure 2. Schematic of a conventional car and a series hybrid vehicle power train. For the 
series hybrid vehicle described in this demonstration, the primary power supply is a 
hydrogen engine, and the energy storage device is a flywheel. 
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Figure 3. Flywheel state of charge (energy stored in the flywheel divided by the 
maximum energy that can be stored in the flywheel) as a function of time, for the 
hydrogen hybrid concept vehicle during the urban driving cycle. 
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10 
hydrogen series hybrid concept vehicle 

base case: 32.1 km/l (75.6 mpg) 
a 

E 4  

8 
2 6  

:2 

c 

a 
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.o -4 
3 -6 

-8 

U 

.- 

-1 0 

Figure 4. Percent change in vehicle fuel economy for a 10% reduction in the given 
parameters. The labels in the column represent the following vehicle parameters: weight 
is the test weight; area is the frontal area; rolling is the rolling friction coefficient: 
flywheel is the flywheel turnaround efficiency; engine is the engine efficiency; and 
access is the accessory load. 
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Hydrogen Fuel 1 1 1 1  

Clean fuel in either an engine or a fuel cell (very low hydrocarbons, carbon 

monoxide or nitrous oxide). 

.High efficiency in engines and in fuel cells. 

Potentially renewable, obtained from 

solar energy 

wind energy 

without depleting oil reserves 

3 
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Hydrogen Series Hybrid Vehicle 

Electric drive motor: 80 kW (maximum power) 
Body and frame - C, 0.24; 1272 kg (test wt) 
Cross-sectional area: 2.04 m2 
Regenerative braking 
75-mpg energy equivalence 

PRIMARY ENERGY CONVERSION 

30-kW optimized 
ICE or fuel cell 

FUEL STORAGE 
3.75 kg(300-miIe 
range 

Compressed hydrogen 

or 

Liquid hydrogen 

a 
or 

Advanced flywheel 
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The highway driving cycle is also used in HVEC 
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Series Hybrid Vehicle Operation Mode 
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Sensitivity Analysis for Series Hybrid Vehicle 1111 
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M Additional study: Transmission Optimization 
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EXPEFUMENTS/DEMONSTRATIONS : 

EXPERIMENTAL INVESTIGATION OF HYDROGEN TRANSPORT THROUGH 
METALS 

T.S. Moss and R.C. Dye 
Los Alamos National Laboratory 
Los Alamos, NM 87545 

In this experiment, we shall examine the transport of hydrogen 
through different metals. The catalytic and transport properties of 
palladium will be compared and contrasted with the same properties of Group 
V metals. The fundamental differences in the way that hydrogen interacts 
with metals will be exploited to optimize the purification of hydrogen gas. 
This experiment demonstrates how a composite material can have better 
performance than the material's individual components. As a proof of this 
concept, the transport rate of hydrogen through a composite membrane to 
that of the constituent materials will be compared. 



EXPERIMENTAL INVESTIGATION OF HYDROGEN TRANSPORT THROUGH 
METALS 

7 732 8 7-34fUd 
T.S. Moss and R.C. Dye p&k 

'%%-os National L a b o r a t 0 6  
Los Alamos, NM 87545 

Key Words: Hydrogen, transport, metals 

Prerequisite Knowledge: Because hydrogen gas is used in this experiment, a working 
knowledge of hydrogen safety i s  required. Basic Material Science is helpful but not 
necessary. 

Objective: To understand the fundamental differences in the way that hydrogen interacts 
with metals and to demonstrate how a composite material can have better performance than 
its individual components. 

Equipment: 
1. Heattape(350OC) 
2. Thexmocoupie with readout 
3 - 
4. 
5.  Palladium foil 
6. vanadium foil 
7. Compositefoil 
8. Hydrogengas 
9. Beakes 
10. Graduated cylinder 
11. Tubing 

Variable power supply for the heat tape 
1/2 inch VCR@ components: male and female (Metal pipe fittings from CAJON) 

Introduction: 

With the steady depletion of fossil fuel m e s ,  hydrogen 
are becoming increasingly amactive. This is creating a continued 
develo ing economically viable methods for hydrogen separation 
s u c @ d  gas and methanol reforming. Furthermore, such sep 
also applied to the chemical industry. While hydrogen selective membranes have been 
considered for applications in these areas, their use has generatly been limited due to cast 
and hydrogen embrittiement of the metal The most popular metal used for hydrogen 
separation has been palladium or its alloys. Indeed, the palladidydrogen system has 
been studied extensively, beginning with the early work of Graham well over a hundred 
years ago'. While palladium is an attractive membrane mated due to its ability to readily 
dissociate molecular hydrogen to atomic hydrogen at its surface, several problems remain. 



Fmt, palladium has an a+ phase transition (a crystal structure change in the metal) that is 
dependent upon hydrogen concentration in the metal at temperatures below 300°C'. 
Expansion and contraction of the lattice from the phase transformation with varying 
hydrogen concentrations leads to embrittlement and fracture of the metal. Some control of 
this problem can be obtained by alloying with silver. Inclusion of silver into the palladium 
significantly reduces the critical temperame and pressure of the a+ phase transition3. 
While this does increase the longevity of the membranes, these materials are expensive. 
Furthermore, the bulk transport of hydrogen in face-centered cubic cfcc) metals such as 
palladium and its alloys remains considerably lower than in a number of refractory, body- 
centered cubic (bcc), metals4*'. As observed in Figure 1, zirconium, niobium, tantalum, 
and vanadium all have si@cantly higher bulk hydrogen penneabilities than does 
palladium6. Unfortunately, the direct replacement of palladium for cheaper refractory 
metals as membranes is hindered because these metals form oxide layers and the reduced 
surface reaction limits the hydrogen f l u b .  

.- b 
1 €49 P 

i! 1E-10 

g) 1511 

3 1612 

c 
9 

: : : : : :  

Figure 1. The bcc-refractory metals have a higher transport rate than 
palladium or platinam. 

To exploit the rapid bulk diffusion of hydrogen in the refractory mezals, a 
composite structure can be constructed whexe palladium is placed on each side of the bcc- 
metal. This allows the dissociation of the molecular hydrogen by the surface palladium 
layer, transport through the refiactory metal bulk, and finally reassociation on the opposite 
surface. This composite membrane is shown in Hgure 2. Such a strucb,ue has several 
advantages. First, greater overaU hydrogen fluxes are expected because bulk diffusion is 
not limited by the fcc structure of palladium. The membrane structure can then be thicker, 
yielding improved mechanical stability while still providing acceptable gas fluxes. Second, 
because rehctory metals are siflicantty cheaper than palladium and only a surface layer 
of palladium is required, these structures are much more economical F i i y ,  while the 
Group VB mefals are also subject to embrittlemens the regime w h m  this is a problem is 
well below room ternperahlre'~'. Should the surface palladium layer develop defects, this 

brane useless since it would merely expose a small area of the 
advantages of a cornposh metal membrane have not 

about 30 years agoq Mak~ides IiIed a patent for plating 
foils of Group VB metals with thin layers of palladium . In recent years, additional patents 
have been fded by other groups for similar st rucnne~'~~*'~ '~.  While it is clear that viable 



composite metal membranes have been constructed, improvements of the process are still 
required to make these structures more eficient Removal of the refractory metal surface 
oxide layer is a criticai requirement. Various chemical and mechanical techniques have 
been used to achieve this but most allow regrowth before coating with the top palladium or 
palladium alloy. Another concern is the quality of the palladium or alloy layer. 

1 v Pallndium 

Figure 2. The composite membrane has thin layers of palladium on bo@ 
sides of a Group V metal foil. 

To address the need for enhanced hydrogen separation techniques using metal 
membranes, we have recently begun investigating composite structures. The objectives for 
development of a membrane foil were (1) obtaining a highly clean surface on the refractory 
metal foil, (2) foxming a palladium coating without subsequent contamination, and (3) 
giving attention to the purity and crystdlinity of the coated layer. To achieve this, foils of 
tantalum wexe cleaned by ion milling in a vacuum chamber and then immediately coated 
with pabdiwn in the yielded exceptionally high hydrogen flow 

d by the instructor should be cut into U2 in diameter discs that will 
mponents. Note that fingerprints will reduce the perfoxmame of the 

h in a common solvent, such as methanol, will remove any fingerprints 
Place a disc in-between a male and afemale VCR@ and tighten to make 

good seal, as shown in Figm 3. Metal tubing from the VCR* 
least 6 inches on each side because the VCR@ will be heated to 
i n c h  metal or plastic tubing can be used. This tubing must be 
hydrogen tank on one side and to the flow rate measurement system on the other. Do not 
expose the foil to hydrogen until after the heat-up. 



114" OD. Stainless Steel Tubing with VCR Glands 

1/4"VCR-Male I 1/4" VCR-Female 

114" OD. Stainless Steel Tubing with VCR Glands 

I 

1/4"VCR-Male 

Membrane or Foil 

Figure 3. The membrane or foil is used in place of the VCR* washer. 

Membrane H a & - U D ;  

A thennocouple is h t  placed on the VCR* and then both the thermocouple and 
VCR* are wrapped with heat tap. The thmocouple is connected to a readout. The heat 
tape is connected to a variable power supply. The overall system schematic is illustrated in 
Figure 4. The power supply should be adjusted for a heat rate of 10"UMi.x~ The power 
supply will need to be adjusted to stabilize the system bemeen 300 and 350°C. The heat 
tape wiU smell as it is heated, especially when the tape is used for the first time, so doing 

f 

Beaker P' - Hydrogen Cylinder with Regulator 

Figure 4. The hydrogen transported through the membrane will displace 
the water in the graduated cylinder. 

-* men - 
placing it under water into a graduated flask that has been inverted and ffied with water. 
Bubbles from the hose will replace the water at a given rate, calculated as the volume 
displaced in a given length of time. This rate should be determined and compared for the 
three foils. 

A flow rare can be measwed by taking the ouzler hose of the VCR* system and 



Notes to the Instructors; 
One foil can be measured at a time if VCR@ units are limited. For a more direct and 

dramatic comparison the 3 foils can be memured in 3 VCR@ systems at the same time by 
wrapping aIl three units in a single heat tape and measuring the temperature at the center of 
the three units. Three graduated cylinders and beakers should be used to allow for a direct 
comparison of the flow rates from each of the foils. 

Many of the matexiaIs used in this experiment are readily available in most standard 
chemistry laboratories or stockrooms. The Vanadium and Palladium foil can be purchased 
through a specialty metal supplier, such as Goodfellow Corporation (800 Lancaster 
Avenue, Berwyn, PA 19312-1780, Ph. 800-821-2870). The composite membrane is 
available from Generex, Inc. (P.O. Box 84, Tryon, NC 28782, Ph. 704-863-4245). The 
VCR@ fittings are available from many valve and fitting sellers; the CAJON Company can 
direct to the local reseller (9760 Shepard Road, Macedonia, OH 44056) 

represent an explosion hazard, as all fuels can It s 
and concern and only by those trained in hydrog 
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A knowledge of Hydrogen safety is 
required for this experiment. 

a 

a 

a 

Hydrogen is an extremely flammable fuel 
that releases large amounts of heat when 
burned. 
In large amounts, Hydrogen can cause 
asphyxiation. 
Always work within the safety guidelines of 
your institution. 

Los Alamos 
Materials Science and Technology 



There are several objectives for this 
experiment: 

0 

0 

To learn about hydrogen’s interaction with 
metals, 
To study catalytic and transport properties 
of hydrogen, and 
To engineer composite materials for the 
transport of hydrogen. 

Los Alamos 
Materials Science and Technology 



Hydrogen promises an unlimited, clean, 
eIIicient energy source. 

e 

0 

e 

World oil consumption continues to grow, 
particularly in the developing East; 
World crude oil reserves are expected to 
peak after the year 2000 (Le., 2005-2010); 
Now is the time to begin considering 
alternative energy sources, applications, and 
infrastructure. 

Los Alamos - - _ _ _ _ _ _  ~ - -  

Materials Science and Technology 



There are several inherent problems with 
Palladium and Palladium Alloys for hydrogen 

separation. 

0c-D Palladium phase transformation at 300 O C  

causes embrittlernent and fracture. 
Alloying with Silver can reduce the temperature of 
this transformation and reduce embrittlement but 
is expensive. 
Bulk transport of hydrogen through fcc metals 
(Le*, Pd) is slow compared to bcc-refractory 
metals (Le., Zr, Nb, Ta, V). 

Los Alamos 
Materials Science and Technology 



The hydrogen permeability of bcc-refractory 
metals is significantly higher than that of fcc 

metals. 
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The composite membrane uses the 
advantageous properties of both Palladium 

and Vanadium. 
First Palladium Layer: Catalyzes the 
breakup of Hydrogen molecules into 
Hydrogen atoms. 

0 Vanadium. Foil: Transports Hydrogen 
atoms faster than Palladium. 
Second Palladium Layer: Re-assembles 
Hydrogen atoms into Hydrogen Molecules 

Los Alamos 
Materials Science and Technology 



Hydrogen selectively passes through the 
multilayer metal membrane. 

Impure Feed Stream 

- Purity Hydrogen 1 Jhn- Hioh 

/ Palladium 

Group V Metal 

Palladium 

Los Alamos 
Materials Science and Technology 





To conduct this experiment, several 
pieces of equipment are needed. 

e 

e 

e 

e 

e 

Heating tape 
Thermocouple 
Temperature Readout 
Power Controller 
Beaker 

e 

e 

e 

Graduated Cylinder 
Food Coloring 
(Optional) 

e 

a 

e 

VCR Fittings 
- Male and Female 

Tubing 
Hydrogen Cylinder 
with Regulator 
Palladium Foil 
Vanadium Foil 
Composite Foil 

Los Alamos 
Materials Science and Technology 



The membrane seal is made by a VCR 
fitting. 

1/4” O.D. Stainless Steel Tubing with VCR Glands 
I r 

1/4” VCR-Female 

Membrane or Foil 

i 
“\ 

114” VCR-Male 

Los Alamos 
Materials Science and Technology 



The experimental set-up allows Hydrogen gas 
from the membrane to displace water in a 

graduated cylinder. 

Heat Tape 

Power Controller 

Hydrogen Cylinder with Regulator 
u 

Beaker 

linder 

Los Alamos 
Materials Science and Technology 



Procedure 

Prepare inverted graduated cylinder in 
Water filled beaker; 
Load and seal membrane in VCR holder; 
Attach VCR holder to H2 tank and to 
graduated cylinder; 
Heat the membrane to 300°C; 
Apply H2 pressure from regulator; 

Los Alamos 
Materials Science and Technology 



Procedure continued 

e 

e 

e 

0 

After flow has stabilized, observe gas level 
in graduated cylinder and start clock; 
Take readings of gas volume and time until 
the gas occupies most of the cylinder; 
Remove H2 pressure and cool membrane; 
Repeat using pure Palladium and Vanadium 
membranes. 

Los Alamos 
Materials Science and Technology 



Calculations 

Flow rate or Hydrogen transport rate is 
given by: 

Vo 1 u m eFinal - VolumeInitidl 

Q: cm3/1nin Volume: cm3 time: minutes 

Compare transport rates for pure Palladium, 
pure Vanadium, and composite membrane. 

Los Alamos 
Materials Science and Technology 



In this experiment, the Hydrogen flow rate 
through the membrane is governed by 

Sievert’s Law. 

QH, =(;)e 

QH2: Flow rate 
J: Permeability 
1: Membrane Thickness 
Pf: Feed Pressure 
P,: Permeate Pressure 
A: Membrane Area 

(cmYmin) 

(cm) 
(torr> 
(torr> 
@m2) 

(cmZ/(min torr 0.5 ) 

Los Alamos 
Materials Science and Technology 



Conclusions 
~ 

Purification by metal membranes involves 
catalytic splitting of H, molecules, transport of 
H atoms and rejoining H atoms to H2. 

It is possible to engineer a composite 
membrane that utilizes the good catalytic and 
transport properties inherent to metals. 

rates than either of the constituents. 
This composite membrane has higher flow 

Los Alamos 
Materials Science and Technology 



ELECTROLYTIC PRODUCTION OF HYDROGEN UTILIZING 
PHOTOVOLTAIC CELLS Mark Daugherty and Christine Zawodzinski, Los 
Alamos National Laboratory 

This demonstration illustrates the use of photovoltaics to produce hydrogen by the 
electrolysis of water. The system has four components: a photovoltaic panel, an 
electrolyzer, a dryer to remove water from the product hydrogen gas and a 
hydride canister to store the hydrogen. Hydrogen production is proportional to 
the current output from the photovoltaic panel, provided the required voltage can 
be maintained. The electrolyzer uses a proton exchange membrane to produce 
hydrogen and oxygen from water. The oxygen is vented and the hydrogen is 
dried and then stored in a metal hydride canister. Systems of this type are able to 
sustainably produce hydrogen fuel as long as water and sunlight are avdable. 



Electrolytic Production of Hydrogen Utilizing Photovoltaic Cells* 

Mark A. Daugherty and Christine Zawodzinski 
Los Alamos National Laboratory 

Los Alamos, New Mexico 

Key Words: Electrolyzer, Renewable Hydrogen Production 

Prerequisite Knowledge: Knowledge of basic electrochemistry is helpful but 
not required. 
provided to assist in developing this knowledge. 

Knowledge of basic hydrogen safety is required, references are 

Objective: 
production system. To measure the efficiency of a single cell proton exchange 
membrane electrolyzer and to develop a basic understanding of its operation. 

To observe the performance of a small renewable hydrogen 

Equipment 
1. 
2. 
3 .  
4. 
5 .  

6 .  
7 .  
8 .  

9. 
10. 
11. 

(2) multimeters or a data acquisition system 
solar array (3.0 V and 1.9 A maximum outputs) 
copper wire 
(2) copper connectors 
( 1)  electrolyzer cell containing: 

(2) plexiglass end plates 
(2) 3 16 stainless steel current collectors 

( 1 )  catalyzed polymer electrolyte membrane 
(4) 0.030" thick carbon papers 
(2) fiber reinforced silicone gaskets 
(2) Teflon gaskets 
(4) insulating washers 
(4) insulating pins 
(8) sets of stainless steel bolts, nuts and washers 

distilled water 
tubing and tubing connectors, suitable for hydrogen operation 
pressure vessel suitable for hydrogen 
( 150 psi maximum working pressure) 
(1) .hydrogen pressure relief valve (set at 100 psi) 
(1) control rheostat 
(1) hydrogen pressure gauge 

(one gold plated - nickel strike followed by 0.0005" gold) 

* This work was supported by the U.S. Department of Energy, Office of Utility 
Technologies, Hydrogen Program Office 



Introduction: 

Hydrogen has the potential to serve as both an energy storage means and an 
energy carrier in renewable energy systems. 
such as solar or wind power are used to produce electrical power, the output can 
vary depending on weather conditions. 
hydrogen, a fuel which can be stored and transported, a reliable and 
continuously available energy supply with a predictable long-term average 
output is created. 

When renewable energy sources 

By using renewable sources to produce 

Electrolysis is one method of converting renewable energy into hydrogen fuel. 
In this experiment we examine the use of an electrolyzer based on polymer- 
electrolyte membrane technology to separate water into hydrogen and oxygen. 
The oxygen is vented to the atmosphere and the hydrogen is stored in a small 
pressure vessel. 

Basic Safety Considerations: 

It is necessary to consider safety in every step of the design, fabrication, 
assembly and operation of a hydrogen system. For the present system major 
safety issues include: 1) ensuring that the maximum operating current of' the 
electrolyzer is never exceeded. 2 )  ensuring that there are no gas leaks in the 
system. 3) ensuring that the maximum operating pressure of the system is 
never exceeded. 4) excluding possible ignition sources from the area of the 
oxygen and hydrogen vents, and 5 )  separation of the hydrogen and oxygen 
vents. Reference 1 provides a general description of hydrogen and hydrogen 
containers and references 2-4 are intended to provide an introduction to 
hydrogen safety. 
working knowledge of the appropriate hydrogen safety requirements. 

It is the responsibility of the experimenter to develop a 

Experimental Apparatus: 

A schematic of the experimental apparatus is shown in Figure 1.  
electrolyzer is provided by the photovoltaic array. 
between the array and the electrolyzer to control the input power to the 
electrolyzer. 
hydrogen is stored in a pressure vessel. 
hydrogen storage vessel. 
between the electrolyzer and the storage vessel. 

Power for the 
A control rheostat is located 

Oxygen from the electrolyzer is vented to the atmosphere and the 
A pressure relief valve is located on the 

A pumpout valve is located in the hydrogen tubing 



Photovoltaic Panel 

Control Rheostat 

Electrol yzer 

Pump out valve 
H2 vent/ 

Hydrogen Storage R 

Figure 1 : Electrolyzer system schematic 

Solar Array : 

The electrolyzer used in this experiment is designed to operate at a current 
density of 250 mA/cm2 across the membrane. 
than the design current are applied across the membrane, the voltage drop will 
increase rapidly as shown by the solid curve in Figure 2. 
excess heating will occur and it is possible to damage the membrane. This must 
be avoided as it may allow the hydrogen and oxygen to mix, creating a potential 
safety hazard. 

If currents significantly larger 

As the voltage rises 

The output from a photovoltaic array is shown schematically by the dashed line 
in Figure 2. 
current of the array (I ,c) is below the maximum operating current of the 
electrolyzer (I max) one can ensure that the electrolyzer will never operate above 
its maximum rated current. I max will vary for different catalyzed membrane 
assemblies and also depends on the temperature of the cell. For the assembly 
used in this experiment the maximum operating current density is 300 mA/cm2. 
The photovoltaic array and the electrolyzer will operate at the point where the 
two curves cross. 

By sizing the photovoltaic array so that the maximum short circuit 

This is indicated by Vop and Iop in the figure. 
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Photovoltaic 
Array Output --- ------- 

, , I , I I , I , I I I I I I , ' I I I I I I t I I I ,  

0.0 
0.0 1.5 

1 (A) 
Figure 2: Photovoltaic array sizing 

The photovoltaic array was assembled by soldering individual solar cells - 
together. 
voltage and eight of these seven cell stacks were then soldered together in 
parallel to provide the required current. Three mil copper foil was used to 
connect the cells in series by attaching the front connector pads of one cell the 
back connector pads of the next cell. Copper wire (22 gage stranded) was used 
to connect the stacks in parallel. One end of a standard banana plug wire was 
cut off and soldered to the array wiring and the other end was used to connect 
the array to the electrolyzer. The array and control rheostat were mounted on a 
standard white board purchased at the local hardware store. The arrangement 
is shown schematically in figure 3. Solar cells are available for educational 
purposes and can be obtained while supplies last. 
Alamos National Laboratory is the contact person for hydrogen educational 
activities. 

Seven cells were soldered together in series to produce the required 

Marcia Zalbowitz at Los 

El e c t r o 1-y z e r : 

The polymer-electrolyte membrane is at the heart of this electrolyzer. 
case, the membrane is a specially treated polymer that conducts protons or other 
cations, but not anions. A specific catalyst is applied to each side of the 
membrane to facilitate the 
Figure 4. 

In this 

water electrolysis reactions, which are shown in 
On the anode side where oxygen is produced, the catalyst used is 



ruthenium oxide and on the cathode side where hydrogen is evolved, the 
catalyst is platinum supported on carbon black. 

To Electrolyzer 

I I 

Figure 3: Schematic of Photovoltaic Array 

Anode Membrane Cathode 

Ru 0, Catalyst 
4 

Oxygen 

2H20 -4H+ + 4e' +02 

Distilled 
Water 

" 4 1 1 1 '  

Pt Catalyst 

/ 
Hydrogen 

4H+ + 4e- -2H 

4e - 1 ' 1 '  

CC power 



Figure 4: Water electrolysis reactions 

A schematic of the electrolyzer is shown in Figure 5. 
electrolyzer are made to the two 316 stainless steel current collector plates. 
the anode side (positive lead) the collector is gold plated to reduce corrosion in 
the oxygen environment. Carbon paper is used to provide electrical contact 
between the current collectors and the catalyst layers on the membrane. While 
the carbon paper will corrode relatively quickly on the anode side it is less 
expensive than a more durable titanium screen. The carbon paper on the anode 
side will have to be replaced as it wears away. In addition to electrical contact 
the carbon paper provides a pliable mechanical support between the current 
collectors and the catalyzed membrane assembly. Fiber-reinforced silicone 
gaskets and Teflon gaskets are used for sealing and insulating washers are used 
to fix the compression of the inner silicone gaskets. The entire assembly is 
clamped together using stainless steel bolts. 

Electrical connections to the 
On 

Rubber gloves should be worn during assembly to protect the materials. 
Assembly begins by pressing the four insulating pins into the anode end plate. 
The drawing for the end plate is shown in figure 6. 

1/4' FLAT WASHER. SPLIT LOCK WASHER AND NUT, 8 PLACES 
FllllNG (r0 HYL)RCGEN RESERVOIR) - 

1/4-20 X 2 LONG BOLT .c- 

CARBON PAPER (2) 

I 

I 

; 

/ SIDE V1.W 

\ K L A T  WASHER, 8 PLACES 

L 1/4-20 X .50 LONG BOLT 
FLAT WASHERS AND 
ELECTRlCAL LUG WlTH 
CABLE. 2 PLACES 

INSULATING STOP WASHER OR WASHERS .ow TOTAL THICKNESS. 2 SETS ON wcn PIA 
1W INSULATING PIN X 34'  LONG MAX. TAPERED ENDS, 4 PLACES 

NOTE ASSEMBLY IS SYMMETRGAL AND NOT A U  CAUOUTS ARE DUPLICATED. 



Figure 5 :  Electrolyzer Assembly (Exploded View) 

Then the Teflon gasket is slipped over the pins followed by the gold plated 
current collector plate. The gasket template is shown in figure 7 and the current 
collector drawing in figure 8. Next a fiber-reinforced silicone gasket is placed on 
the stack and two sheets of carbon paper are fitted into the middle of the gasket. 
The template for the carbon paper is shown in figure 9. The four insulating 
washers are placed in the corner holes of the gasket over the pins to fix the 
gasket compression. 
ruthenium oxide side toward the gold plated current collector. 
continued for the other side of the electrolyzer, whose construction is 
symmetrical with that of the first side. 

The membrane is then placed on the stack with the 
The procedure is 

ln 

0.339 X 2.00 DEEP, TAP 118 NPT 
s 

- ~ .75 STOCK 

.38 

0.265 THRU, 8 HOLES 

\ .250 SLOT X S O  DEEP, 2 PLACES 
FULL R.125.4 PLACES 

0.125 X .38 DEEP, 4 HOLES 

\ 2.50 

2.250 

1.688 

SECTlON VIEW 

SCALE: 1/1. MATL PLEXIGLAS (PMMA) .75” THICK, QN: 2 EACH 

Figure 6: Electrolyzer End Plate 
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NOTE: USE TEMPLATE TO CUT ALL GASKETS. USE NO. 4 CORKBORE OR SHARP KNIFE TO CUT HOLES. 
USE TEMPLATE TO CUT MEMBRANEELECTRODE ASSEMBLY. DO NOT CUT OUT CENTER SQUARE 
IN M&E. EXTREME CARE MUST BE USED IN CUITING HOLES TO PREVENT TEARING OF MEMBRANE. 

SCALE: 1/1, MATL: PLEXIGLAS (PMMA), QTY: 1 EACH 

Figure 7: Electrolyzer Gasket Template 
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Figure 8: Electrolyzer Current Collector 
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SCALE: 1/1, MATL PLEXIGLAS (PMMA), QTY: 1 EACH 

Figure 9: Electrolyzer Carbon Paper Template 
Pressure Vessel Storage Unit: 

The hydrogen is stored in a pressure vessel equipped with a pressure gauge. 
Hydrogen production can then be determined from the known volume and 
pressure. Suitable materials for the pressure vessel include aluminum or 3 16 
stainless steel. The pressure vessel and all tubing, connectors and valves used in 
the system must be rated to withstand the maximum working pressure, which is 
100 psig in this experiment. 
atmospheric pressure. 

The oxygen side of the electrolyzer is run at 

The electrolyzer can withstand pressures of several hundred psi across the 
membrane. 
storage vessel the pressure of the hydrogen will increase. 
electrolyzer serves as a pump to pressurize the hydrogen for storage. 
pressure relief valves insure that the maximum working pressure is not 
exceeded. 
pressure vessel prior to the start of the experiment. 
vent the system when the experiment is concluded. 
to isolate. the pressure vessel from the tubing if so desired. 

As hydrogen is generated in the fixed volume of the cell, tubing and 
In this way the 

The 

A pump-out valve is needed to purge the hydrogen lines and the 
This valve is also used to 
A second valve can be used 

System Assembly: 

Insulated copper wires are used to connect the output from the photovoltaic 
array to the current collectors. 
anode current collector and the negative lead to the cathode current collector. 
The hydrogen tubing is used to connect the hydrogen side of the electrolyzer 

The positive lead is connected to the gold plated 



with the storage vessel and the pump out valve as shown in Figure 1. 
oxygen and the hydrogen side of the electrolyzer, all tubing connections, and the 
pressure vessel must all be leak tested to ensure that they are leak tight prior to 
operation. 

The 

Experimental Procedure: 

By filling with known volumes of water make calibration marks on the side on 
the anode and cathode water chambers. These marks will be used to determine 
the volume of water electrolyzed. 
the water level drops below the bottom of the top chamber in the anode end 
plate to ensure that the membrane does not dry out. 

The experiment should be concluded when 

The anode and cathode water chambers are filled with distilled water. The 
hydrogen tubing and storage vessel are purged by pumping and backfilling with 
an inert gas, such as nitrogen, to remove the air. 
will evaporate the water in the cathode chamber. 
vented pumping is not necessary. 
A plastic tube can be attached to the cathode port and used to vent the hydrogen 
generated by bubbling it through a beaker of water. 
measure the current from the photovoltaic array and another is used to measure 
the voltage across the current collectors. The control rheostat is set to zero or 
the open position and the electrical connections are then made to the current 
collector plates. 

Be careful as excess pumping 
If the hydrogen is to be 

One multimeter is used to 

The minimum voltage required to separate water can be calculated from the 
difference in the enthalpy of the initial state (liquid H20) and the final state 
(gaseous H2 and 02).  This is called the enthalpy of formation. The formula is: 

E = - AHf/(n F) 

where AHf is the enthalpy of formation for liquid water, -68,317 Cal/gm mole, n 
is the number of electrons, 2 in our case, and F is the Faraday constant, 96,491 
coulombs/mole. 
calculated to be 1.48 volts. 
system with zero losses. 
voltage is’ larger. 
and interfacial resistances of the components used in the electrolyzer. 
applied voltage is large enough to overcome the sum of 1.48 volts and all losses 
electrolysis will not take place. 
rheostat until bubbles are observed when looking through the plexiglass 
housing. 
this voltage compared to the minimum required voltage of 1.48 volts? 

Using these numbers the minimum required voltage is 
This is the voltage which would be required in a 

In all real, systems there are losses, so the required 
These losses or additional voltage drops include the internal 

Until the 

Increase the power slowly using the control 

Record the voltage at which bubbles were first observed. How large is 
The ratio 



of actual voltage to minimum voltage is called the voltage efficiency of the 
electrolyzer. How efficient is the electrolyzer? 

Voltage Efficiency = 1.48 V/ measured V (2 )  

The hydrogen output of the electrolyzer is proportional to the current flow. 
Adjust the rheostat until a steady reaction is taking place. Monitor the current 
flow through the electrolyzer. 
cathode chambers and measure the change in water volume over a known time 
period. (During electrolysis a significant volume of water will travel through the 
membrane, so the volume of water in both chambers must be used to determine 
the amount of water electrolyzed.) 
equations calculate the amount of water that should be electrolyzed by the 
measured current in the time period. 
volume of water usage. 
theoretical amount is called the current efficiency of the electrolyzer. 
theoretical amount of hydrogen produced can be calculated by using the 
measured current and time: 

Record the water levels in both the anode and 

Using the density of water and the reaction 

Compare this volume with your measured 
The ratio of the actual hydrogen produced to the 

The 

NH2 = I t /(F n) (3)  

where NH2 is the number of moles of H2 produced, I is the current in A, t is the 
time in seconds, and F and n are as defined above. Since we know from figure 4 
that 1 mole of H 2 0  should produce 1 mole of H2 we can compare the amount of 
water electrolyzed to the amount of hydrogen which should be produced as 
calculated by equation 3. 

The amount of hydrogen generated can also be calculated by using the volume of 
the hydrogen gas produced and the final pressure of the hydrogen by using the 
ideal gas law: 

NH2 = P V/ (R T) (4)  

where P is the gas pressure, V is the volume of the hydrogen, R is the gas 
constant, 0.0821 (liter atm)/(mole K), and T is the temperature in Kelvin, 
K = C + 273.15. 

The above procedures can be repeated with different settings of the control 
rheostat to examine the performance of the electrolyzer under different 
operating conditions. 
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Notes to the Instructor: 

The Compressed Gas Association, Inc. is located at 1725 Jefferson Davis Highway, 
Suite 1004, Arlington, VA 22202-4100, (703) 979-0900. 

The National Fire Protection Association (NFPA) is located at 1 Batterymarch 
Park, P.O. Box 9101, Quincy, MA 02269-9101. 

Carbon paper can be obtained from Spectracorp, 599 Canal Street, Lawrence, MA 
01840, (508) 682-1232. 

Reinforced Silicone gasket material can be obtained from CHR Industries, Inc., 
407 East Street, PO Box 1911, New Haven, CT 06509-9988, (203) 777-3631. 
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Strategic Overview: Program Perspective 

HTAP Vision 

0 Hydrogen will join electricity in the 21st century as the primary 
energy carriers in the Nation’s sustainable energy future 

0 Hydrogen and electricity will ultimately come from renewable 
energy sources, although fossil fuels will provide a long-term 
transitional resource 

0 Future hydrogen suppliers will deliver a significant portion of 
America’s energy for transportation sad other applications 

For these applications, hydrogen offers a noa-polluting, 
inexhaustible, efficient, and potentially cost-effective energy 

4 
-system derived entirely from domestic energy sources 

09/25/96 
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This project has four main objectives. 

To expose students to the concept of fuel 
production using renewable sources. 

To build a small photovoltaic powered 
electrolyzer. 

To teach proper respect for hydrogen and oxygen 
safety requirements. 

To measure the efficiency of a single cell proton 
exchange membrane electrolyzer and develop a 
basic understanding of its operation. 

Los Alamos 



Developers of solar hydrogen systems 
are excellent sources of information. 

~ ~ 

Humboldt State University, Arcata, CA 

Clean Air Now/Xerox, El Segundo, CA 

The Cooper Union, New York, NY 

DLR = Institute for Technical Thermodynamics, 
S tuttgar t, Germany 

Helsinki University of Technology, ESPOO, 
Finland 

King Abdulaziz University, Chemical and 
Materials Engineering Department, Jeddah, 
Saudi Arabia 

Los Alamos 



HOW DOES IT WORK? 

POWER GENERATION: 
This solar hydrogen energy system captures 
energy from the sun by using solar electric 
panels. The array of 192 panels transforms solar 
energy directly to electricity. When the sun is 
shining brightly the array produces approximately Storage APPLICATION: 
8 kilowatts of power. 
GAS GENERATION AND STORAGE: REGENERATION 
The electrolyzer uses the electricity to split water 
into hydrogen (H,) and oxygen (0 ). The hydro- 
gen gas is collected and stored in hree 500 gallon 
tanks behind the lab at a pressure of 100 pounds 
per square inch. The oxygen gas is vented to the 

Fish Tanks 

The electricity from this system is used to power 
the air compressor that aerates the aquaria in the 
Marine Lab. Except on the darkest of days, the 
array produces more than enough electricity 
during daylight hours to run the compressor 
directly. Any extra power is used to run the 
electrolyzer. 

At night or when the clouds are thick, the system 
automatically shifts to fuel cell operation. The fuel 
cell directly converts chemical energy into electri- 
cal energy by combining the stored hydrogen 
with oxygen from the air. 

atmosphere. 
At the maximum hydrogen production rate of 24 
standard liters per minute, the electrolyzer 
consumes 1 liter of water per hour. 

A fuel cell is similar to a battery, except that a 
battery requires recharging when it runs down. 
The fuel cell continues to produce power as long 
as it is fed hydrogen and air. 

In this way water and sunlight, both natural and 
abundant, are used in a cycle to produce power. 
And because hydrogen stores solar energy, the 
power is available whenever it is needed. 
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CLEAN AIR Now SOLAR HYDROGEN REFUELING STATION 
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Combustion Propertiesa of Hydrogen, Methane, and Gasoline 

Property 
Flammability Limits (Vol %) 

Detonability Limits (Voi %) 

Mirumurn Ignition Energy (mJ) 

Autoignition Temperaturec (K) 

Flame Temperature (K) 

Burning Velocity ( c d s )  

Detonation Velocity (MS) 
Diffusion Velocity ( c d s )  

Buoyant Velocity ( d s )  

Quenching Gap (mm) 
Maximum Experimental Safe Gap 

Hvdrogen 

4.0 to 75.0 

18.3 to 59b 
0.02 

793 to 1023 
2318 

265 to 325 
1.48 to 2.15 

< 2.0 

1.2 to 9 
0.64 

0.08 

Methane 

5.3 to 15.0 
6.3 to 13.5 

0.29 
903 to 1493 

2148 
37 to 45 

1.39 to 1.64 
< 0.51 

0.8 to 6 
2.03 

1.2 

Gasoline 

1.0 to 7.6 
1 . 1  to 3.3 

0.24 
501 to744 

2470 

37 to 43 

1.4 to 1.7 
< 0.17 

Nonbuoyant 
2.0 

0.7 

(mm) 
Stoichometric Composition (?h)a 29.53 9.48 

a In mixtures with air at conditions of 0.101325 MPa ( 1  atmosphere) and 294 K (70°F). 

For low energy initiation. C A range is necessary for this value because the autoignition 

1.76 

temperature depends upon 
the ignition method. 

Figure 39 



Hydrogen embrittlement lowers the ductility and 
strength of many structural materials. 

Hydrogen reaction embrittlement = a chemical 
process, typically at temperatures above 500K. 

Internal embrittlement- hydrogen introduced in 
the production of the metal. 

Environmental embrittlement - hydrogen 
introduced from the environment. 

Los Alamos 



Minimum Ignition Temperature of Selected Plastics and Elastomers in Oxygen at One 
Atmosphere Pressure 

Material Minimum Ignition Temp 
6) 

Polyimide (Vespel) 
Chlorotrifluoroethylene (TFE) 
Tetrafluoroethylene (WE) 
Duroid 5600 
Duroid 58 13 
Duroid 5870 , 

Duroid 5650 
Rulon A 
Rulon B 
Rulon C 
Graphite Asbestos 
Polymethylmethacrylate (Plexiglas) ,k 
TFE (carbon filled) 
Fluorinated ethylene propylene 
copolymer (FEP) 
Silicone rubber 
Kel-F 5500 
Kel-F 3700 
Carbon 
Fi uoros i 1 icone 
Polyvinylchloride 
Ny lona 
Mylara 
Butyl rubbe@ 
Neoprenea 
Pol yeth ylenea 
Natural rubbera 

773 
773 
773 
74 1 
736 
725 
717 
736 
733 
73 1 
733 
703 
693 
685 

663 
613 to 625 
605 to 614 

603 
593 
663 
618 
593 
548 

523 to 543 
433 to 493 

423 

a Not recommended for oxygen service, included for comparison only. 

Figure 57 



Combustion Rate for Metal Rods in Oxygen at One Atmosphere Pressure 

Materiala Combustion Rate ( c d s )  

Burning Direction 

Mild Steel 

Aluminum 

309 Stainless Steel 

3 16 Stainless Steel 

3 16L Stainless Steel 

410 Stainless Steel 

17-4PH Stainless Steel 

4140 Stainless Steel 

Nickelb 

Monelb 

Inconeib 

Bronzeb 

Hastelloy 

up 
0.76 

25.4 

2.03 

0.18 

0.13 

0.30 

0.33 

none 

none 
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a Rods 1.59 mm (1/16th in.) to 4.76 mm (3/16th in.) diameter. 

b These materials did not propagate combustion in one-atmosphere oxygen. 
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Material 

Combustion Rate of Selected Non-Metals in Oxygen 

Cotton 
Dacron 
EPOXY 

, Neoprene 
Nomex 
Nylon (fabric) 
Polyethylene 
PVC 
Polyurethane 
Silicone 
Velcro 

Combustion Rate (cm/s) in ExDosure of 
21 % 0 2 , 1  Atm 100 % 02, 0.2 Atm 100 % 0 2 , l  Atm 

2.54 
2.29 

0.25 
0.79 
1.17 
0.15 
0.76 
1.42 
0.5 1 
0.6 1 

--u 

18.80 
5.84 
0.30 
1.02 
2.44 
2.59 
0.69 
2.54 
1.78 
2.79 
1.22 

Figure 59 





Solar cells are stacked in series to give the 
required voltage and in parallel to provide 

the reauired current. 

56 cells were used in the array, 7 in series for an 
open circuit voltage of 3.75 V, 8 strings in 
parallel for a nominal current of 1.6 A 

Cells are brittle and require careful handling. 

3 mil copper foil was used to connect individual 
cells. 

I 
Fixtures to bend the foil and hold the cells during 
soldering are very helpful. 

Solar cells are available. 

Los Alamos 



The maximum short circuit current of the 
solar array is less than the maximum 
operating current of the electrolyzer. 

Photovoltaic 

Electrolyzer i 
I 

I 

I 
V 

- -  Input 
I max I sc 

Los Alamos 



This electrolyzer is built around the proton 
conducting polymer-electrolyte membrane. 

Anode Membrane Cathode 
/ - 

RuOx Catalyst, 
4 

H20+4H+ +4e +O2 

Distilled 
Water L 

4H+ - 
Pt Catalyst / 

/Hydrogen 
4H+ + 4e-t  2H2 



The electrolyzer is built symmetrically 
from each side of the membrane. 
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END 
PLATE 

/ 
PIN 

CARBON PAPER 

I 

I 

GASKET 
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The Plexiglas end plates provide 
mechanical support and contain water, 

oxygen and hydrogen flow passages. 
0 In 
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The current collector is slotted to allow 
water and product gases access to the 

membrane electrode assembly. 
8HOLES 
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0 
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Los Alamos 



The same template is used to cut the gaskets 
and the membrane/electrode assembly. 
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A pressure vessel can be used to store the 
hydrogen produced. 

The pressure vessel and all tubing, connectors 
and valves used in the system must be rated to 
withstand the maximum working pressure, 100 
psig. 

A'pressure relief valve is required to insure that 
the maximum working pressure is not exceeded. 

A pump-out valve is needed to evacuate the 
hydrogen lines and the pressure vessel prior to 
the start of the experiment. 

Suitable materials for the pressure vessel include 
aluminum or 316 stainless steel. 

Los Alamos 



System Assembly 

The positive lead from the photovoltaic array is 
connected to the gold plated anode current collector. 

The negative lead is connected to the cathode current 
collect or. 

The hydrogen tubing is used to connect the hydrogen 
side of the electrolyzer with the storage vessel. 

The oxygen and the hydrogen side of the electrolyzer, 
all tubing connections, and the pressure vessel must 
all be leak tested to ensure that they are leak tight 
prior to operation. 

Los Alamos 



System Operation 

Review basic hydrogen and oxygen safety with system 
operators. 

Set up the system on a stable surface away from any 
ignition sources. 

Fill the anode and cathode water chambers with 
deionized water. 

Ensure that hydrogen and oxygen vents are separated, 
evacuate the storage vessel and connecting lines if the 
hydrogen is stored. 

Apply power from the solar array. 

Los Alamos 



Ideas for Experiments 

Determine the voltage at which electrolysis starts and 
compare to the ideal voltage. Calculate the efficiency 
of the system by: v reversableh actual 
(v reversable = 1.48 V) 

Measure the current and the amount of water 
consumed for a given time period. Calculate 
hydrogen production using both measurements and 
compare. 

Use the pressure and volume of a storage vessel to 
calculate the amount of hydrogen produced and 
compare to the above calculations. 

Los Alamos 



Summary 

This system can provide a wonderful introduction to 
renewable hydrogen production. 

Hydrogen can be used to run a fuel cell producing 
electricity and water, thus completing a sustainable 
zero pollution energy cycle. 

Hydrogen is a fuel, please ensure proper safety 
procedures are followed at all times. 

Los Alamos 



>Materials for Hydnde-Based Batteries 
>R. B. Schwarz 

>Center for Materials Science 
>Los Alamos National Laboratory, Los Alamos, NM 87545 

> 
>Until recently, apart form the lead-acid battery, the nickelkadmiurn battery 
>had the lion's share of the rechargeable electrochemical energy storage system 
>market. Because of environmental concerns related to the toxicity of 
>cadmium, the cadmium electrode is being replaced by the metal hydride 
>electrode. NickeUmetal hydride batteries have an additional advantage of a 
>slightly higher energy density storage. 

>The positive nickel hydroxide electrode, common to both the nickellcadmium 
>and the nickellmetal hydride electrode, has been studied for many years and 
>is the positive electrode of choice in most batteries. The consensus is 
>that little can be done to improve the nickel electrode. The metal hydride 
>electrode, however, requires further study and improvement. In the 
>nickeVmetal hydride battery, the metal hydride electrode operates in 
>concentrated KOH. The main problem with this electrode relates to the loss 
>of hydrogen storage capacity with cyclic hydrogen charging/discharging 
>which is thought to be caused by the corrosion of the hydride material in 
>the KOH. The workshop wdl review the fundamentals of the hydride battery 
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MATERIALS FOR HYDROGEN-BASED BATTERIES 

Ricardo B .  Schwiir,: 
Los Alamos National Laboratory 

Key Words 
Batteries, Hydrogen batteries, Hydrides, Alloys, Energ!. Storage 

Prerequisite Knowledge 
Basic materials science (alloy synthesis), x-ray diffraction 

Objective 
To demonstrate the use of metal hydrides in the storagc of hydrogen, in particular for the 
manufacture of nickeVmetal hydride batteries. To illustrate the construction, testing, and 
performance of nickeymetal hydride batteries. To discuss the problems in optimizing the 
performance of nickel/metal hydride batteries. 

Equipment 
The participants will be shown first hand the operation of ball mills for alloy powder 
synthesis: glove boxes for handling metal powders to prevent air contamination; x-ray 
diffractometers for studying the structure of alloys: diifcrential scanning calorimeters for 
studying the thermal stability and transformations in alloys; Sieverts apparatus for 
measuring the hydrogen (gas) absorptioddesorption characteristics of metallic powders; 
and a battery tester to test the performance of elecuodcs hbricated in the laboratory when 
operating in concentrated KOH as part of a rechargeable battery. 

Introduction 
Currently. the nickeVcadmium batteries have the largest share of the rechargeable battery 
market. Applications for these batteries are for  aircraft, military and defense, 
telecommunications, home-use portable devices (photography, portable phones, portable 
computers. camcorders, power tools, toys), and standby power (emergency lighting, 
alarms). Incentive for developing nickeVmetal hydride (Ni-MH) batteries comes from 
pressing health and environmental concerns to find replacements for the nickelkadmiurn 
rechargeable batteries. Due to worker’s safety requirements, processing of cadmium for 
batteries in  the U.S. is already in the process o f  hcing phased out. Furthermore, 
environmental legislation for the 1990’s and the 2 l h t  century will most likely make it 
imperative to curtail the use of cadmium in batteries l‘or consumer use. In spite of these 
pressures, next to the lead-acid battery, the nickeVcadniiuin battery still has the largest share 
of the rechargeable battery market. Further incentivcs tor researching hydrogen-based 
batteries comes from the general belief (e.g., Draft of thc DOE “Hydrogen Implementation 
Plan, FY 1’393-1998”) that hydrogen and electricity u i l l  displace and eventually replace a 
signiiicant traction of the energy-carryrng contribution?; o l  I‘ossil-fuel resources, becoming 
the foundation for a sustainable energy system based on renewable sources. Finally, there 
is considerable interest in the development of Ni-MH batteries for electric vehicles and 
hybrid vehiclcs. 

The development of a high-rate, long cyclic life. Xi-MH battery would give American 
business il competitive advantage over foreign manufacrurers, would provide the mllitary 
and business an alternative to an environmentally ha/.ardous power source, and would 



increase the probability of successfully developing a b a t u - y  ior a hybrid vehicle in support 
of the Partnership for a New Generation of Vehicles ( PXGV). 

Why use hydrogen? 
The ability of hydrogen to react with various metals and form hydrides (metal- 

hydrogen compounds) opens the possibility of usin; hydrides in the manufacture of 
rechargeable batteries. On earth there is almost no C r c  molecular hydrogen. Hydrogen 
gas, however. can be easily made from readily availabk materials, e.g., by the electrolysis 
of water. Once made, hydrogen can be stored in varioiih forms (gas, liquid, hydrides). At 
atmospheric pressure, 1 gram of molecular hydrogen gas occupies a volume of about 22 
liters and thus the storage of hydrogen in gas form is inefficient, unless the gas is 
pressurized to several hundred atmospheres and kept in a strong pressure vessel. The 
storage of hydrogen in liquid form requires cooling ih: gas and its container to cryogenic 
temperatures (about 20 Kelvin), and keeping them ai ihar iemperature. It is thus clear that 
neither form of  storage is suitable for common ever!day use. In contrast, the storage of 
hydrogen in hydride form is both economical end safc to r  many applications. 

Hydrogen reacts with many elements to form cixiipoiinds. Of these, the transition 
metals (GTOLIPS IIIA through VIIIA in the periodic cai7lz. including the lanthanides and 
actinides) art' most important because they can absorh large quantities of hydrogen and 
form metallic hydrides. Metallic hydrides exhibit thc general properties of metals, i.e., 
high electrical and thermal conductivity, hardness, and nic tallic luster. 

During the last five years, Ni-MH batteries ha1.c mered  the international market as 
replacements tor nickel-cadmium (Ni-Cd) batteries. The nickeymetal hydride battery is 
very similar to the nickelkadmiurn battery but with significant advantages over the latter. 
The n i c k e h e t a l  hydride battery has a 20% to 30';; higher specific energy density 
(gravimetric as well as volumetric) than a comparable nickelkadmiurn cell while 
maintainins the same electrical (similar open-circuit potential) and mechanical 
characteristics. Another advantage of the nickel/mcral hydride battery is that it has no 
'memory cl'tcct' i.e., it does not have to be completclj- dihcharged to be completely charged 
anew. On drawback of the Ni-MH batteries, howc\.:r. is a somewhat poorer high-rate 
power deli very. 

Fundamental Properties of NickeYMetal hydride Batteries 

electrodc rcaciions in a nickeumetal hydride battery arc .ih lollows: 
Thc nickel/metal hydride battery operates in  concentrated KOH electrolyte. The 

Cathode (+): 

Anode (-): 

NiOOH + H20 + e -  
(l/x) MH, + OH- 

Overall: (l/x) MH, + NiOOH 

311, OH), + OH- 
I I : \ )  M + H20 +e -  
( l l  1 ) l l  + Ni(OH)2 

The KOH electrolyte can only transport the OH- ions and, to balance the charge 
transport. clcctrons must circulate through the external load, as shown schematically in 
figure 1. Thc nickel oxy-hydroxide electrode (equation 1 ) has been extensively researched 
and charactcri/.ed, and its application has been widel!. Limcinstrated for both terrestrial and 
aerospace applications. Most of the current research 111 ?Y:i/Metal Hydride batteries has as 
its purpose improving the performance of the metal hydride anode. Specifically, this 
requires thc dcvelopment of a hydride electrode with thc i'ollowing characteristics: (1) long 
cycle hie. (21 high capacity, (3) high rate of charge and discharge at constant voltage, and 
(4) large rcLcnLion capacity. 



Of the 200 known hydrides of intermetallic conip:i.lnds. only a few of them are good 
candidates for anode materials in KOH environments. The AB2 Laves phases, of which 
ZrVZ is a typical example, were discovered in 1 C ) w  and are the basis of the alloys 
developed by Ovonics Battery Company and licensed LO companies in the U.S. and Japan 
El]. The Haucke phase, LaNiS, was discovered at th2 Phillips Eindoven Laboratories in 
1970 and is one of the best materials for the reversible s ~ ~ r a g e  of hydrogen at near-ambient 
conditions. Electrochemical charging and dischargins I 'I LaNi5 was demonstrated by Justi 
and co-workcrs in 1973. In recent years, research on L!X AB5'alloys has concentrated on 
modifying the alloy composition by alloying with :kments such as aluminum, tin, 
manganese. cobalt, silicon, chromium, and variouh rare-earth metals [2,3,4]. The 
purposes of these modifications have been to: 
(a) enhance the stability of the alloy, especially under c'! clic charging/discharging 

of pressure and temperature 
(b) 

(c) increase the hydrogen storage capacity; and 
(d) increase the rate at which the hydrogen can bc stored or retrieved from the alloy 

while maintaining good electrochemical parameters. 
The wdl-studied LaNiS-based compounds can hiore reversibly about 1.35 weight 

percent hydrogen. Although this amounts to twice the cicnsity of liquid hydrogen, it is stdl 
too low for many terrestrial and aerospace applications. Researchers are investigating alloy 
materials with higher weight-percent hydrogen storage capacity, including alloys based on 
magnesium. Magnesium-based alloys can store about 5 weight percent hydrogen but the 
metal and the hydride are easily corroded in most electroiytes and thus have found no use 
as battery slcctrodes. 

Properties of Metal-Hydrogen (gas) Systems 
Although the nickeymetal hydride battery operatcs in KOH electrolyte, much can be 

learned from studying the reaction of metals with hydrogen gas and such studies are always 
the starting step in the development of a new alloys for  hydrogen storage. The equilibrium 
pressure-coni position-temperature relationships 01 ;I nietal/hydrogen system can be 
conveniently summarized by a P-C-T diagram of which an idealized version is showed in 
figure 2. The curve in the figure, called a P-C isorhorii?. gives the locus of equilibrium 
pressure-composition points for a given temperature. The P-C curve shows three distinct 
sections: h i  tially the isotherm ascends fast -(section A-B.1 as hydrogen enters the metal 
lattice and occupies interstitial positions. By convi'ntion. this metdhydrogen compounds 
is called thc a-phase. At low concentrations 0 1 '  h!.&o:en, the compositiodpressure 
relationship i n  the a-phase is ideal and obeys Sievert's Law. Le., 

alter the 'plateau' pressures to enable the revei-uhie charging at ambient conditions 

H I  M = K, P -  (1) 
where H/M is the hydrogen to metal ratio, K ,  is Sii'vert's constant, and P is the 
equilibrium hydrogen pressure. As the hydrogen c\Iiitent in the metal increases, the 
hydrogen atoms interact (via the elastic strains introciiiccd in the metal lattice) and the 
pressurekomposition behavior departs from ideality. This is reflected by a decrease in the 
slope of thc isotherm. However, there is a limit in the ;imount of hydrogen the a-phase can 
store. At a critical average hydrogen concentration. ihc metalhydrogen system forms a 
new phase. [he hydride phase, denoted as b. Therc I >  ;I discontinuity in the amount of 
hydrogen tha t  the metal can store: at the tempcraiiirc T,,, the maximum hydrogen 
solubility i n  the a-phase is c1 which is significantly lon.21- than the minimum concentration 
ct which can he stored in the b-phase. Typically. C: < 0. I whereas cZa 1. The flat, or 
plateau region in the P-C-T curve corresponds to the L,o-e,uistence of the a and b phases. 



As more h>.drogen enters the metal, the volume fractioi: o t  the a-phase decreases whereas 
that of b-phase increases. At the end of the plateau. all i h t  mctaUhydrogen alloy is b-phase. 
To force more hydrogen into the alloy requires increasing ihi' external gas pressure. This is 
represenrzd hy the rapid increase in the C-D region 01' ill: P-C-T curve. 

In gtntral, the plateau pressure for hydrogen !(Jading is different from that for 
unloading. This pressure difference is called hYsrei-r.si.\. and although models have been 
proposed to  Zsplain the effect [ 51, further research is ncaied to fully understand it. 

A 11x1 plateau in the P-C curves is usually a rcc!i:ired feature for gaseous hydrogen 
delivery ~ ~ ~ ~ t c n i s  (e.g., refrigeration suits for astronaiils i because if means that a large 
quantity 01' h!drogen can be stored reversibly at a constant pressure. However, a flat 
plateau is not required when the metal hydride is used clxtrochemically because, according 
to Nernst equation applied to 6-molar KOH and near-ambient conditions of pressure and 
temperature. 3 change of one order of magnitude in the ii!,drogen gas pressure corresponds 
to an electrochemical potential change of only 29 mV. I t  is important, however, that the 
plateau hc LIS wide as possible (large hydrogen sioragc capacity) and that at room 
temperature the plateau pressure be close to atmosphcrlc pressure, since then the battery 
enclosure docs not need to be especially strong. 

Synthesis of Materials for NickelMetal hydride Batteries 
The physical and electrochemical characteristics 0 1  the alloys to be used as hydride 

electrodes are intimately related to their compositio ti. nic tallurgy, and microstructure. 
Because o l  this dependence, the method for producing ihe alloys becomes an integral part 
in the optimization of their physico-chemical characteristics. 

Arc nielting in an inert atmosphere has been the traditional method for preparing cm3- 
size alloys I-or research of hydrogen storage materials. This technique, though simple, fast, 
and economical, is of limited use when the alloy components have vastly different melting 
ternperaturi.3 or  high vapor pressures. Another shortcoming of arc melting is that while the 
molten allo! ~*ools and solidifies , solute segregation ma!- lead to partitioning into phases of 
different ciimposition. Even when the alloy composition is within a single phase field, 
severe solutc segregation may occur if, at that composition, the liquidus and solidus 
surfaces 01. thc alloys do not osculate. In practice. allo! s prepared by arc casting must be 
homogenized through a long high-temperature anneal. 

Many o l  the shortcomings associated with arc melting are avoided when the alloy 
powders arc prepared by mechanical alloying (MA).  MA is a high energy ball-milling 
process ihai I-qeatedly cold welds and fractures p o n i k r  particles. M e r  a short milling 
period, the powder particles attain a layered morphology of  the starting elements. The 
thickness 01. these layers decreases with increasing n i i l l i n i~  time and, after long attrition 
times, the pouder forms a true alloy down to atomic diniasions.  The alloy phases formed 
by MA are usually metastable, e.g., amorphous or nanocrystalline. These powders can be 
used in the as-prepared state or can be annealed to grow powder particles with large 
crystallites. 

Amorphous metallic alloys have been invcstisaicd as potential hydrogen storage 
materials in both gaseous and electrolyte media. Thc ii1;tin advantage of amorphous alloys 
is that the!. h o w  little degradation in the hydrogen hwrptioddesorption capacity with 
cyclic 1o;idtiig. However, the metal/hydroycn .-qiiilibriurn of amorphous and 
nanocrystall I ne alloys differs substantially form thai alloys having large crystallites 
(crystallitt dimensions larger than about 1 rnm). Whcrcas the P-C curves of crystalline 
materials u.;itally have well-defined plateaus. thc P-C curves of amorphous and 
nanocrystslline alloys have narrow or nonexistent plateaus. Amorphous alloys lack 
plateaus bccause the atomic sites at which the h!-iirl~~gcn atoms can reside are non- 
equivalcni. .-llthough the lack of a plateau may be a prt,blctn for the reversible storage of 



hydrogen ZL\. d 'sloping' plateau should not be il probIL,:ii \I hen the reversible charging is 
done electroc,h?mically because, as mentioned earlisr. L~ ! . L ~ t o i -  ten increase in the pressure is 
equivalent to ;1 potential increase of only 30 mV. H O ~ , ! ~  :i a. amorphous metallic alloys 
have so far r,)und little application for reversible elecuoi.!imical hydrogen storage. 

Other Lidvantages of the MA synthesis route arc i!:\ci-ibed below: 
c 

c 

c 
c 

c 

c 

c 
c 

Using 11.4 it is easy to alloy elements which have 1 Li.\Ll!. Jilferent melting temperatures. 
This is ilitich more difficult to do with conventional L : I S ~ I I ~ ~  techniques since on heating, 
the lo~vci- iiielting temperature components boil and  id to vaporize before reaching the 
melting unperature of all components. 
With MA.  powders can be prepared containins particles which have a layered 
rnicrostr~icture of two or more elements or phases. This mables fabricating two-phase 
particles i n  which one of the phases is a catalytic niLitria1 with the purpose of enhancing 
the lunetics of hydrogen absorptioddesorption. 
The po\vder particles prepared by MA have a unu5u;ll niorphology which makes them 
less pron2 to comminution during cyclic hydrogen ch;trging/discharging. 
MA is ;I \imple method for doping powder p;1rtiL,I2s nfith a uniform distribution of 
n a n o - s i d  catalytic particles (e.g., Pt or Pd). .Addiiig these particles is also possible 
using chmical  techniques but MA permits a bettcr distribution and mechanical contact 
betwecn the catalysts and the particles. 
MA can be used to prepare hydrogen storing p o ~ ~ i c ' r s  such as LaNis starting from 
La20-, rather than from the.more expensive metallic lanthanum. The starting material 
can also be a mishrnetal oxide (a natural combitution of rare earths). (DOE patent 
applicatic )n being processed). 
MA donc under a low pressure of hydrogen can he i i d  to prepare compounds such as 
Mg6C02H1 I, which cannot be prepared by simply Iirrcing hydrogen into Mg3Co, since 
this compound does not exist. 
Nanocr>.5iiilline powders prepared by MA can tv ii.sc'C1 as precursor phases for the 
synthesis of homogeneous alloys with grain sizes 1~lrgc.r than 1 mm. 
MA can bc easily scaled up to industrial production hydrogen storage powders using 
a provcci and mature technology. 
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HYDROGEN FUEL CELLS FOR UTILITY AND TRANSPORTATION 
APPLICATIONS 

Shimshon Gottesfeld, LANL 

To achieve high performance and high energy efficiency, hydrogen fuel cells depend 
critically on materials properties. For the intensively developed polymer electrolyte fuel 
cell, some key materials are: 

a polymeric membrane of high protonic conductivity and chemical 
stability 
a well designed thin film catalyst 
hardware materials required to maintain high bulk surface 

a) 

b) 
c) 
conductivity under demanding cell operating conditions 

Polymer electrolyte fuel cells and their components will be discussed, highlighting key 
materials issues. 



The Polymer Electrolyte Fuel Cell: 
Materials Issues in a Hydrogen Fueled Power Source 

Shimshon Gottesfeld 

Materials Science and Technology Division 
Electronic and Electrochemical Materials & Devices Group 

Los Alamos Natioinal Laboratory 

Introduction: Polymer electrolyte fuel cells ( PEFCs) have attracted much interest 
recently. The need for an efficient, non-polluting power source for vehicles in urban 
environments, emphasized by recent legislative initiatives, has resulted in increased 
attention to the option of fuel-cell powered vehicles of high efficiency and low tail pipe 
emissions. Hydrogen is the most suitable fuel for a fuel cell powered vehicle, providing 
the highest conversion efficiency for fuel-on-board-to-electric-power and generating zero 
tail-pipe emission since water is the only product of the hydrogedair fuel cell process. 
Hydrogen fuel could be carried on board the vehicle as either neat hydrogen, in the form 
of pressurized gas or cryogenically stored liquid, or in the form of a more ordinary liquid 
fuel, such as methanol or liquid hydrocarbon, which needs to be processedkonverted on 
board the vehicle to a mixture of hydrogen and CO2. The latter type of vehicle will not 
satisfy the criteria of a “Zero-Emission-Vehicle” ( ZEV), but may stili satisfy the criteria 
for an Ultra Low Emission Vehicle” ( ULEV). 

Of various fuel cell systems considered, the polymer electrolyte fuel cell 
technology seems to be most suitable for terrestrial transportation applications. This is 
due to low temperature of operation ( hence, fast cold start) , perfect CO2 tolerance by 
the electrolyte and a combination of high power density and high energy conversion 
efficiency. Key barriers for the development of this fuel cell technology for terrestrial 
applications, considered very high just 5- 10 years ago, have been successfully overcome. 
As a result, automotive and fuel cell manufacturing industries have initiated significant 
technology validation programs and demonstrations which include fuel cell powered 
vehicles, stationary power generation systems and battery replacement devices. Market 
entry of PEFCs through the latter applications may actually precede implementation of 
such fuel cells in vehicular power systems, in large part because of less stringent 
demands on system’s cost. 

In this Mini-Workshop, we will show how novel materials and the R&D efforts 
towards their characterization and development, have advanced PEFC performance, 
lowered cost and enhanced reliability and, consequently, enabled the significant recent 
advancements in this fuel cell technology. 

We specifically discuss the following subjects: 

(1) The Polymer Electrolyte Fuel Cell -- general description 

(2) Catalysts and the MembraneRlectrode Assembly 

(3) The Ionomeric Membrane 



(4) Carbon and Metal Hardware Components for Gas Distribution and Current Collection 

The Polymer Electrolyte Fuel Cell: General Description: We give first a general 
description of the polymer electrolyte fuel cell, highlighting central issues of materials 
requirements for this unique hydrogen fueled power source. In the text, we highlight 
materials to be discussed by using italics. 

Figure 1 is a schematic presentation of the cross-section of a single polymer electrolyte 
fuel cell ( PEFC). This scheme will be used to discuss the key materials and processes in 
the PEFCs. The "heart" of the cell, which is magnified in the scheme, is the so-called 
membrane-electrode ( M&E) assembly. In it's simplest form, the "electrode" component 
of the M&E assembly would be a thin film ( 5-50 pm thick ) containing dispersed Pt 
catalyst. This catalyst layer is in good contact with an ionomeric membrane, the central 
slab in the scheme in figure 1, which serves as the electrolyte and the gas separator in the 
cell. The ionomeric membrane electrolyte is typically 50-175 pm thick. 

A M&E assembly thus consists of an ionomeric membrane with thin catalyst 
layers bonded onto each of it's two major surfaces. It can be seen that the M&E assembly 
has the generic structure of an electrochemical cell: electrode/electrolyte/electrode, 
packaged in the form of a "sandwich" of three thin films. The "gas-diffuser" 
( or "backing" ) layers in immediate contact with the catalyzed membrane ( see Fig. 1) are 
made of hydrophobized porous carbon paper, or carbon cloth. These layers are typically 
100-300 pm thick and are wet-proofed by treatment with poly-tetrafluoroethylene 
(PTFE). The role of these gas diffusers is to enable direct and uniform access of the 
reactant gases, hydrogen and oxygen, to the catalyst layers, without having to diffuse 
through films of liquid water. 

, 

The single cell is completed by current collector plates which usually contain 
machined flow fields, as required for effective distribution of reactant gases along the 
surfaces of the electrodes. These plates, traditionally made of high density graphite, 
become "bipolar plates" in the fuel cell stack, in which case they would have gas flow 
fields on both sides, as shown schematically in Figure 1. A general view of a single cell 
hardware is presented in Figure 2. The Teflon masks shown are gaskets that confine the 
gas flow to the active area and provide, together with the periphery of the ionomeric 
membrane, an effective seal. In a fuel cell stack, many such cells are stacked together to 
generate the voltage required for a given application, since a single hydrogenloxygen fuel 
cell operated at only about 0.7V. 

The above short discussion of the unit cell of a polymer electrolyte fuel cell stack, 
highlights different materials of unique characteristics ( see italicized materials & 
components names), required to achieve a fuel cell power source of high performance, 
high energy conversion efficiency and stable long-term operation. We discuss them 
further below. 

Electrocatalysts: Returning to the M&E assembly, the magnified part in Figure 1 
highlights the central element of the PEFC which consists of a proton-conducting 
membrane electrolyte with a composite catalyst layer adjacent to each of it's surfaces. 
The scheme shows the catalyst layer as Pt ( small circles) supported on carbon ( larger 
circles). This type of catalyst has been used in more recent developments of PEFCs. The 
Pt/C powder, prepared mostly by procedures based on colloid chemistry consists of Pt 



particles about 2 nm in diameter, supported on carbon particles about 10 nm in diameter. 
Pt is an essential catalyst for the electrochemical conversion of hydrogen and oxygen at 
the anode and cathode of the fuel cell, respectively, into electric current ( electric power). 
In the hydrogen& fuel cell, the processes at the anode and cathode, respectively, are: 

(1) H2 = 2H+ + 2e ( anode process) 

and, 

(2) 0 2  + 4e + 4H+= 2H20 ( cathode process) 

The Pt/C powder has to be intimately intermixed with recast ionomer to provide 
sufficient ionic conductivity within the catalyst layer. Thus, the catalyst layer can be 
described as a Pt/C//ionomer composite, where each of the three components are 
uniformly distributed within the volume of the layer. PEFC stacks fabricated at this point 
still use PTFE-bonded Pt black catalysts applied by hot-press to the ionomeric 
membrane. Such Pt-black- based catalyst layers typically require a Pt loading 20-40 times 
higher than that required in the Pt/C catalyst ( 4mgPt/cm2 vs. 0.1 mg Pt/cm2) to obtain a 
similar cell performance. Pt/C catalysts will have to be adapted in commercial PEFCs 
because of their much lower cost and their intrinsic high performance and reliability. 
Work at LANL during the last five years has brought the low-Pt- loading M&E 
technology to the point of industrial realization, enabling an important lowering of the 
cost barrier to implementation of polymer electrolyte fuel cell technology. 

The Ionomeric Membrane: The proton conducting polymeric membrane is the most . 
unique element of the polymer electrolyte fuel cell, as indeed reflected by any of the three 
names used for this type of cell: PEM fuel cell = Polymer Electrolyte Membrane fuel 
cell, S P E m  fuel cell = Solid Polymer Electrolyte Fuel Cell, or PEFC = Polymer 
Electrolyte Fuel Cell. The membrane commonly employed in most recent PEFC 
technology developments is made of a peifluorocurbon sulfonic acid ionomer. 
Nufionm made by DuPont is the most well known material of this type. Similar 
materials are produced as either commercial or developmental products by W.L. Gore ( 
US), Asahi Chemical and Asahi Glass ( Japan). The combined chemical and physical 
properties of perfluorocarbon sulfonate ( PFS A) membranes give them significant 
superiority over any other membrane material as electrolytic separators in PEFCs. These 
membranes exhibit very high long-term chemical stability under both oxidative and 
reductive environments, thanks to their Teflon-like molecular backbone. The protonic 
conductivities achieved in well humidified membranes are as high as 0.1 S/cm at cell 
operation temperatures, which translates to an “areal resistance” as low as 0.05 ohm cm2 
for a membrane 50 pm thick. Such a thin membrane can serve at the same time as an 
effective gas separator: the permeability of both oxygen and hydrogen through the 
membrane are both of the order of 10-11 -10-10 molkm-sec-atm, whch translates to a gas 
cross-over equivalent current density of 1- 10 mA/crn2 through a 100 pm thick membrane 
in an operating fuel cell. This leakage current is at or below 1% of the operating current 
of a PEFC -- typically 1A/cm* or higher. 

The two important drawbacks of PFSA membranes are the limited range of 
temperatures in which they can be effectively employed and their high cost at present. 
The first limitation typically forces operation of PEFCs at temperatures below 100°C, 



although some increase of the temperature of operation, e.g., to 120*C, may be possible 
at the expense of operation under pressurized steam. The upper limit on the temperature 
is dictated by the need for effective humidification of the membrane, to maximize the 
protonic conductivity. This need also dictates, in turn, operation in a 
temperature/pressure domain corresponding to a dual phase (liquid-vapor) water system, 
which results in liquid water removal and/or liquid water recirculation requirements. The 
cost of the membrane is an issue outside the scope of our discussion. However, it can be 
predicted with reasonable certainty that this cost may come down significantly as the 
market for the membrane will significantly increase , e.g., as a result of large scale 
application in electric vehicles. 

The Gas Diffuser: The porous backing layer which is placed behind the catalyst layer ( 
Figure 1) fulfills important tasks in the PEFC. In this layer, combined requirements of 
effective reactant gas supply to the catalyst layer and effective water supply and removal 
in either vapor or liquid form have to be simultaneously fulfilled. Wet-proofing by PTFE 
is required to ensure that at least part of the pore volume in the cathode backing remains 
free of liquid water in an operating cell, so as to enable rapid gas-phase transport. The 
scale of the porosity and the amount of PTFE added are two important parameters that 
determine the success of the backing layer in fulfilling the combined tasks of gas and 
water transport. Obviously, the backing layer has to be made of a material of high and 
stable electronic conductivity in a wet environment. Although some expanded metal 
structures have been suggested, most of PEFC backings to date have been based on 
porous carbon paper or cloth. 

Graphite vs. Metal Hardware for Gas Distribution/Current Collection: The final 
element on the outer side of the unit cell (Figures 1 and 2) is the current collector plate - 
which typically contains a machined gas flow field. These two functions of current 
collector and gas flow field may be fulfilled, in principle, by two separate components 
but , in most of the cells and stacks tested to date the flow field is machined in the current 
collector plate using a range of geometries, e.g., a single serpentine channel, parallel 
channel flow and series-parallel combinations. The flow-field geometry may be quite 
significant in fulfilling the requirements of effective water supply and effective liquid 
water removal from the cathode. The current collector plate becomes the bipolar plate in 
a PEFC stack. It should therefore exhibit high electronic conductivity and be 
impermeable to oxygen and hydrogen gas. Both carbon and metals like stainless steel or 
titanium have been considered as potential materials for the current collector, or bipolar 
plate as it would be called in the context of a stack. 

The very general description provided above for the component parts of a PEFC 
should clarify the diversity of R&D elements involved in the development of a PEFC cell 
and stack. These R&D elements span fields of research in interfacial electrochemistry 
( electrocatalysis), electrochemistry and materials science aspects of membranes, carbon 
and metals, and mass/ heat transport engineering. This Workshop covers some 
highlights of LANL work on electrochemical and materials aspects of the PEFC as well 
as the building and testing of cells based on improved materials and electrocatalysts. In 
most general terms, the target of these efforts in development of materials and 
components has been to achieve high PEFC performance, long-term performance 
stability and low intrinsic cost. 
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MINI-WORKSHOP: 

ENGINEERING MATERIALS FOR HYDROGEN SEPARATION 

T.S. Moss and R.C. Dye 
Los Alarnos National Laboratory 
Los Alarnos, NM 87545 

The use of hydrogen gas has become more important in recent years 
to a variety of high technology areas, such as microelectronics, ferrous 
and nonferrous metals processing, chemical and polymer synthesis, and 
petrochemical processing. Further, the steady depletion of 
limited-resource fossil fuels, such as light crudes and natural gas, and 
the associated pollution problems have made hydrogen-based energy systems 
more attractive. As such, the production of pure hydrogen gas for use in 
these areas has become more important. 

In this workshop, the purification of hydrogen gas from impure feed 
streams using high temperature membranes will be examined. The 
fundamental differences in the way that hydrogen interacts with metals will 
be demonstrated. From these differences, we will be able to explain how 
one can design and engineer a membrane to exploit the advantageous 
properties of multiple materials into a composite structure with superior 
performance. One will gain hands-on experience with flow rate 
determination, gas analysis with mass spectrometry, and observe structural 
changes in metals due to hydrogen by x-ray diffraction. 



ENGINEERING MATERIALS FOR HYDROGEN SEPARATION 

T.S. Moss and R.C. Dye 
Los Alamos National Laboratory 

Los Alamos, NM 87545 

Key Words: Hydrogen separation, x-ray diffraction, mass spectroscopy. 

Prerequisite Knowledge: Because hydrogen gas is used in this workshop, a working 
knowledge of hydrogen safety is required. Basic Materials Science is helpful but not 
necessary. 

Objective: To understand the fundamentals of designing and engineering membranes for 
the purpose of hydrogen separation and to learn about the characterization and testing 
equipment that is used in experimental evaluation of these materials. 

Introduction: 
With the steady depletion of fossil fuel reserves, hydrogen based energy sources 

are becoming increasingly more attractive. This drive is creating a continued and building 
interest in developing economically viable methods for hydrogen production and separation 
from alternative hydrocarbon sources, such as natural gas and methanol. Although 
hydrogen selective membranes have been considered and applied in this area, their use has 
been minimal because of their high cost and limited lifetime due to embrittlement. The most 
popular metal used for hydrogen separation has been palladium and its alloys; these 
materials and their interaction with hydrogen have been well studied, with published work 
dating back over one hundred years.' While palladium is an attractive membrane material 
because of its ability to readily dissociate molecular hydrogen into atomic hydrogen, several 
inherent problems remain. 
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First, palladium 
undergoes an a-0 phase 
transformation at 
temperatures below 300°C; 
the actual transformation 
temperature depends on the 
hydrogen concentration in 
the Expansion and 
contraction of the lattice 
from the phase 
transformation leads to 
embrittlement and fracture 
of the metal. Some control 
of this problem can be 
gained by alloying the 
palladium with silver. 
Inclusion of silver 
significantly reduces the 
critical temperature and 

Figure 1. The bcc-refractory metals have a higher pressure of the phase 

reduces the embrittlement 
of the metal and extends the lifetime of the membrane. However, these alloys are still very 
expensive because the bulk of the material is still dominated by the palladium cost. 

transport rate than palladium. transformation? This 



Furthermore, the bulk transport of hydrogen in face centered cubic Vcc) metals. such as 
palladium and palladium alloys, is inherently lower than in a number of refractory, body 
centered cubic (bcc)  metal^.^-^ As seen in Figure 1, zirconium, niobium, tantalum, and 
vanadium all have significantly higher bulk hydrogen permeabilities than does palladium.6 
Unfortunately, the direct replacement of palladium for cheaper refractory metals as 
membranes is not possible because of the lack of catalytic ability and because of the seif- 
passivating oxide layers formed on these metals which slow the flux of hydrogen through 
the metals. 

To exploit the 
rapid bulk diffusion of 
hydrogen through the 
refractory metals, a 
composite structure can 
be fabricated where a 
thin palladium layer is 
placed on each side of 
the bcc metal. This 
allows the dissociation 
of the molecular 
hydrogen by the surface 
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p d a & m  - layer, 
transport through the 
refractory metal bulk, 
and finally reassociation 
on the opposite 
palladium surface. This 

Figure 2. The composite membrane has thin composite membrane- is 
palladium layers on both sides of a Group V-B metal shown in Figure 2. 
foil. Such a structure has 

several advantages. 
First, greater overall hydrogen fluxes are possible because bulk diffusion is not limited by 
the fcc structure of the palladium. The membrane structure can then be thicker providing 
improved mechanical stability while still yielding acceptable gas fluxes. Second, because 
these rFfractory metals are significantly cheaper than palladium and only two thin layers (< 
5,000A) of palladium are required, these membranes are much more economical. While 
the Group V-B metals are still subject to hydrogen embrittlement, the temperature where 
this is a problem is well below room temperature.'-* Finally, should the surface palladium 
layer develop a crack or multiple defects, the membrane would not catastrophically fail. 
Instead, only a minuscule portion of the membrane would be made inoperative. 

The obvious advantages of this composite metal membrane have not escaped 
previous investigators. Indeed, about 30 years ago, Makrides filed a patent for plating foils 
of Group V-B metals with thin layers of palladium.' In recent years, additional patents 
have been fded by other groups for similar structures.'o-*2 While it is clear that viable 
composite membranes have been constructed, improvements of the material are still 
required to make these structures more efficient. A critical area for improvement is the 
removal of the surface oxide layer whch forms as a self passivating layer when the pure 
metal is exposed to the atmosphere. Various chemical and mechanical techniques have 
been used to achieve a stripping of this layer but most allow some amount of regrowth of 
the oxide before coating with the palladium layers. Another area of concern is the quality 
of the palladium layers. 

To address the need for enhanced hydrogen separation techniques using metal 
membranes, a different fabrication technique was utilized that would overcome these 



concerns. The objectives for the fabrication were: obtaining a highly clean surface on the 
refractory foil, forming a palladium coating without subsequent surface contamination, and 
providing a high degree of purity, crystallinity, and crystallographic orientation. To 
achieve these objectives, the process of physical vapor deposition was used. Within a high 
vacuum chamber, both sides of a tantalum or vanadium foil were ion milled to remove the 
surface oxide and, without ever breaking the vacuum, both sides of the cleaned foil were 
coated with thin palladium layers. The palladium was deposited using either e-beam 
evaporation or sputtering. Foils produced by this technique have yielded exceptionally 
high hydrogen flow rates. 

Membrane Characterization: 
After the membranes have been fabricated in the deposition system, they need to be 

characterized to determine the crystalline phases that are present and the crystallographic 
orientation of these phases. By determining a picture of the membrane composition before 
passing hydrogen through, the effects of the hydrogen transport can be better determined 
and the effect of the deposition parameters can be correlated to the observed permeability of 
the membrane. Among the available characterization techniques, the process of x-ray 
diffraction (XRD) has proved to be the most effective. 

XRD is a non-invasive technique, i.e., the membrane does not have to be destroyed 
to undergo the testing and is typically not affected by the characterization process. The 
most common and versatile diffractometer geometry is the theta-2 theta. In this type of 
diffractometer, x-rays are generated from a metal target, typically made of copper; these x- 
rays are focused onto the sample which is fixed at an angle of theta degrees to the beam. A 
detector collects the reflected x-rays from the sample and is held at an angle of 2 theta to the 
sample. The sample and the detector are moved through a range of theta-2 theta angles, 
and data is constantly collected for analysis, typically using a computer interface. Peaks in 
the reflected x-ray signal, as recorded by the detector, correspond to the presence..of 
particular crystalline phases. The diffraction peaks are related to the characteristic d- 
spacing of the material using Bragg’s Law: 

nA = 2d .  sin(0) 
where n is any integer and is usually taken as 1, h is the wavelength of the x-rays used in 
A, d is the characteristic d-spacing of the crystalline phase in A, and 8 is the angular 
position of the peak. This data can later be used for a number of purposes, such as 
qualitative and quantitative phase analysis, particle size measurements, particle micro- and 
macro-strain estimation, and texture/preferred orientation determination. For a better and 
more complete explanation of the process of x-ray diffraction, a number of sources are 
available. I4-l5 

For the purposes of characterizing the membrane, the most important features of the 
diffraction trace is the identification of all of the peaks and the relative intensities of the 
peaks. By identifying the peaks, it is possible to determine if the membrane contains any 
impurities, such as oxides or hydrides, left over from the deposition process or the 
exposure to hydrogen. This is done by matching the peak locations, usually determined by 
the computer software, to a set of published values, such as those found in the JCPDS 
powder diffraction files. After all of the peaks have been attributed to the known phases, 
i.e., .palladium and vanadiudtantalum, any remaining peaks must be identified to the 
contributing phase. Also of importance are the relative peak intensities, supplied by the 
computer software. By comparing the intensities before and after the exposure to 
hydrogen, it is possible to learn about the effect of hydrogen transport on orientation of the 
grains, especially along particular crystallographic directions. Of interest are the close 
packed planes in the metals: the 11 1 planes for the bcc structure and the 110 planes for the 
fcc structure. 



Membrane Testing: 
The ability to properly and effectively test the performance of the membrane is 

important and requires a carefully designed testing apparatus. A schematic of the one 
developed and used at Los Alamos National Laboratory is shown in Figure 3. This system 
allows for the testing of membrane efficiency and hydrogen purity and flow rate as a 
function of several variables, such as temperature, feed and permeate pressures, feed 
composition, and total flow rate. The membrane test system consists of a membrane holder 
unit in which the membrane is sealed between the feed and permeate streams. Up to four 
constituents can be used in the feed supply and feed flows are controlled using independent 
MKS mass flow controllers so that mixtures of various compositions can be used. The 
pressure on the feed side of the membrane is controlled by either pumping using a turbo 
pump (in the case of sub-atmospheric pressures) or by restricting the flow of the exhaust 
from the feed side using a needle valve (in the case of elevated pressures). The pressure of 
the feed is measured using a Baritron pressure transducer for pressures up to 1000 torr and 
using a dial gauge for higher pressures. The permeate side of the membrane allowes the 
gas flow to pass through an MKS mass flow meter to determine the flow rate of gas 
passing through the membrane. The pressure on the permeate side of the membrane is also 
controlled either by pumping for low pressures or by restricting the flow for high 
pressures. The composition of both the feed and permeate gas streams can be analyzed 
using a Residual Gas Analyzer (RGA). 

system contains an 
RGA which uses a 
quadrapole mass 
spectrometer to 
determine the particular 
species and isotopes 
and their relative 
amounts present in the 
gas stream. The 
quadrapole mass 
spectrometer consists 
of four cylindrical rods 
to which a combination 
of ax.  and d.c. Molecular Drag Pum p/Atmospi.er 
potentials are applied. 
For a given applied Figure 3. Permeation testing apparatus. 
ax. frequency, only 
ions of a particular value of e/m can pass through to the collector. The spectrum of elm 
ions is collected by varying the a.c. frequency through a programmed range or through 
selected values. The mass spectrometer is important in the testing of the membrane because 
it can determine the purity of the gases that are passing through the membrane. This 
information can then be used to determined if the membrane is not completely selective to 
hydrogen only or if it has developed a leak. Furthermore, the relative passage rate of 
various isotopes can be determined from the spectrum. 

Conclusions: 
In this paper, the method by which a novel metal membrane for the separation of 

ultra high purity hydrogen gas from an impure feed stream has been described. This 
composite metal membrane having exceptionally high hydrogen flows was fabricated using 
palladium coated Group V-B foils. The cleaning of the refractory metal using ion filling 
and subsequent deposition of the palladium layer in the same vacuum chamber provides a 
method of constructing a membrane having high purity, crystalline palladium bonded to a 
very clean metal foil surface. The characterization and testing apparatus has also been 

The testing Mass Flow ContJllers 

Gas Supply Cylinders 



described. with particular attention paid to the processes of x-ray diffraction and mass 
spectrometry. These two techniques provide the most versatile and revealing insight to the 
structure and performance of the membrane. By using several different techniques, an 
integrated solution has been engineered to a problem to produce a material that has superior 
performance to anything that has come before. 
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A CURRICULUM OUTLINE FOR TEACHERS 
MAKE YOUR OWN ENERGY 

FUNDAMENTAL ISSUE: ACHIEVING EFFICIENT, SECURE, AND 
ENVIRONMENTALLY SUSTAINABLE ENERGY SYSTEMS 

PROBLEM: 
There is a finite source of fossil fuels 
There is a need to develop demonstrations and pathways for sustainable 

energy systems 

INDUSTRIES AFFECTED: 
Transportation 
Utility 
Fuel merchants 
Chemical markets 

ISSUES: 
New areas of R&D 
New infrastructures 
New safety procedures 

ACTION: 
Education 
Demonstrations 
Pathways 

Fundamental Issue: Why is Hydrogen an Appropriate Alternative Fuel 

History 
Cavendish/Lavoisier 

Jules Verne 
J.B.S. Haldane 
20th century -- Francis BacodDaimler BendNASNtown gas 

Hydrogen bomb 
Hindenburg 
The Challenger 

Lightest 
Most abundant (93 percent of ail atoms) 
Exists in combination with other elements 
Low energy density 
Secondary form of energy 
Primary energy sources 

Natural gas 
Coal 

balloons 

Public perception 

Fundamental chemical and physical properties 



Biomass 
Renewable sources 

Hydrogen production 
Fossil fuel sources 

Natural gas 
Coal 
Electrolysis 

Renewable sources 
Solar 
Wind 
Biomass 
Hydro-power 
Photo biologicaVphotoc hemical 
Electrolysis 

Cost of production 
Hydrogen storage 

Pressurized gas 
Liquid 

Cryogenics 
Metal hydride 
Hydrogen and iron oxide 
Glass microspheres 
Adsorption 
Fullerenes 

Transportation 
Internal combustion engine 
Fuel cell 

Utility/power generation 
Battery replacement 

Pipeline 
Road and rail vehicles 
Marine tanker 

Utilization 

Distribution and infrastructure 

Safety 
Wide flammability range 
High diffusivity 
Buoyant 
Odorlesslcolorless 
Low ignition energy 
Non- toxic 
Materials embrittlement 
Leak rate 

Short Term Applications of Hydrogen 
Chemical feeds tocldfertilizers 
Gasoline refining 
NASNspace technology 

Long Term Applications of Hydrogen 
Energy storage 
Energy carrier 

Transportation fuel 
Aircraft fuel 
Utility fuel for heat and electricity 



Industries involved 
Merchant hydrogen manufacturers 
Utility companies 
Fertilizers 
oll/gas 
Fuel cell manufacturers 
Aerospace 
Automobile manufacturers 
Consumer electronics 

ENERGY CONVERSION 
Energy has different forms: chemical (fuel), thermal. electrical 
How to convert one form of energy to another 
Less Efficient Multi-conversion processes: 

More Efficient conversion process: 

Electrochemical cells 

Conventional Power Plant: Chemical to thermal to electrical 
Car with IC Engine: Chemical to thermal to mechanical 

Chemical to electrical directly: FUEL CELL 

Device enabling direct conversion from chemical to electrical 
energy 

Examples: Batteries, fuel cells 
Commonalities and Differences between the two: 

Common: Both convert directly chemical energy to 
electrical energy 

Difference: In battery, the chemicals required for 
battery process are limited in amount and stored 
within battery 

In fuel cell, the chemical reactants are unique in nature 
(fuel and oxidant -- oxygen or air) and stored 
outside cell in containers. 

WHAT IS A FUEL CELL 
History 

Grove 
Bacon 
NASA 

Current technology 
Electrodes and electrolytes 
Membranes 
Types of fuels -- highlighting hydrogen as cleanest and as enabling 

System integration 

Utility power generation 
Demonstrationlfleet vehicles 
Demonstration of small scale replacement for batteries for 

Transportation 

highest fuel cell efficiencies 

Energy conversion efficiencies 
Short term applications 

consumer applications 

Passenger vehicles 
Locomotives 
Boats 

Long term applications 



Battery and generator replacement 

Fuel cell manufacturers 
Automobile manufacturers 
Utility industry 
Fuel suppliers 

R&D issues 
Industries involved 

SOLAR HYDROGEN ENERGY ECONOMY 
Electricity and hydrogen 

Issues of interchangeability and singularity 
Storage 
Ability to transport energy 

cost  
System efficiency 

Rapid implementation in demonstrations 
Long-term commitment 
Early high cost 

Current (real) cost of fuels 
Externalities 
Life cycle analysidbuying habits 

Transitional system 

Energy Policies 

HOW DO YOU MAKE YOUR OWN ENERGY? 
CLASS ROOM ACTIVITY 

Build energy system 

Technologies 
Solar energy in ---> hydrogen out---> fuel cell application 

PV or appropriate solar technology 
Electrolyzer 
Hydrogen storage 
Fuel Cell 

Some related issues 
Efficiency 

Energy audit, etc. 
Resource cycles (coal to electricity/ pv to electricity, etc.) 

ENVIRONMENTAL IMPACTS 
Full cycle energy use analysis 
Internal combustion vehicle vs fuel cell vehicles 
Greenhouse gases 
Carbon dioxide 
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HYDROGEN: AN ENERGY CARRIER OF THE FUTURE 

Hydrogen is an energy carrier with the potential to join electricity as a key component of a 
sustainable energy system. As an energy carrier and fuel, its future integration into the energy 
economy will help make renewable energy sources viable and practical. 

In the United States, the primary source of energy is the burning of fossil fuels-coal, 
natural gas, and petroleum. Uranium, used in nuclear power plants to generate electricity, is also a 
primary source of energy. Increasingly, renewable and sustainable sources of energy-sunlight, 
wind power, biomass, geothermal resources, and hydroelectric power-are contributing to meeting 
our nation's primary energy needs. 

Primary sources are used directly to provide energy for services, but often they are used to 
create an energy carrier, such as electricity, to move the energy from the place of production to 
where it is needed to provide goods and services for society. Hydrogen has the potential to be a 
more versatile energy carrier than electricity. In the future, it may be produced cost effectively 
from renewable energy sources, then stored and transported for use in home and office heating, 
generating electricity, industrial processes, and surface and air transportation. It can accomplish 
this while also preventing pollution by substituting for and reducing the use of fossil fuels. 

The benefits of hydrogen make it the ideal component of a renewable, sustainable energy 
system of the future. It can be produced from water-an abundant supply source-using direct 
sunlight, renewable electricity, and some biologic3 organisms. When burned directly as a fuel, or 
converted to electricity, its primary emission is water, which can be safely returned to the 
environment or reused to produce more hydrogen. 
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The versatility of hydrogen will enable the more rapid expansion of the use of domestic 
renewable energy sources than might occur with electricity alone, resulting in reduced energy 
imports. Hydrogen energy has the potential for substantially contributing to the reduction of 
climate- changing emissions and other atmospheric pollutants. 

Unfortunately, the widespread use of hydrogen energy is not currently feasible because of 
economic and technological barriers. Hydrogen is presently used in a variety of industrial 
applications and, from this base, research and development will move hydrogen into widespread 
energy applications. 

CURRENT UTILIZATION IN INDUSTRY 

Hydrogen is produced on an industrial scale from natural gas by steam reforming. In this 
process, thermal energy is used to separate hydrogen from the carbon component of natural gas 
(see box). Hydrogen is also produced as a by-product of petroleum refining and chemical 
production processes. Limited quantities of hydrogen are currently produced from the electrolysis 
of water (see box). This is presently a very expensive process, and% restricted to meeting the 
limited need for extremely pure hydrogen for manufacturing and the space program. 

Current production prices for hydrogen 
gas produced by steam reforming range from 
$7.00 per gigajoule for a large plant to $12.00 
per gigajoule for a small-capacity plant, 
assuming a natural gas price of $2.30 per 
gigajoule. Production by electrolysis using 
low-cost, off-peak hydroelectricity costs 
between $10.00 and $20.00 per gigajoule. The 
current cost of electrolytic production using 
electricity from renewable energy sources is 
about $28 per gigajoule. This cost is expected 
to be reduced to about $8 per gigajouie by 2030 with continued strong research and development. 

billion cubic feet). Major uses are ammonia production and the removal of sulfur from petroleum 
during the refining process. Hydrogen for most luge-scale applications-levels greater than 1.5 
million cubic meters per day (50 million standard cubic feet per day)-is produced at the site where 
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it will be used. Hydrogen is used in smaller quantities in chemical processing, food 
hydrogenation, steel- and glass-making, and electronics. For these applications, hydrogen is 
delivered by truck as a compressed gas or liquid. 

HYDROGEN UTILIZATION 
I N  ENERGY 

At present, hydrogen's only significant 
use as a fuel is in the U.S. National Aeronautics 
and Space Administration's (NASA's) space 
program. Liquid hydrogen and liquid oxygen 
are combined as propulsion fuel for the space 
shuttle and other rockets. Onboard fuel cells 
using hydrogen and oxygen also provide most 
of the shuttle's electric power. The fuel cell's 
only exhaust is pure water, which is used by the 
crew as drinking water (see box for a 
discussion of fuel cells). 

Because of its versatility and many 
benefits, it is anticipated that hydrogen will be 
used in ever- increasing quantities in energy 
applications. Hydrogen exhibits clean 
combustion with no carbon or sulfur oxide 
emissions and very low nitrogen oxide 
emissions, and is capable of conversion directly 
to electricity in fuel cells with no pollution. 

Hydrogen's EXPANDED role as an energy carrier will more than likely be as a fuel for 
surface transportation. Transportation contributes significantly to air pollution, especially in highly 
populated urban areas, and is presently one'of the most inefficient uses of energy, with a total 
conversion efficiency of 13% to 18%. 

Hydrogen will probably be used initially as an additive to existing fossil fuels for surface 
transportation. Hydrogen can be combined with gasoline, ethanol, methanol, and natural gas for 
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fueling internal combustion (IC) engines, resulting in reduced pollution and increased 
performance. 

Remarkably, just adding 5% hydrogen to the gasoline-air mixture in an IC engine could 
reduce nitrogen oxide emissions by 30% to 40%. An IC engine converted to bum only hydrogen 
produces water and minor amounts of nitrogen oxides as exhaust. As with other fuels, firing.. 
hydrogen in an IC engine emits small amounts of carbon dioxide and hydrocarbons because of the 
incidental burning of lubricants. 

A near-term opportunity for hydrogen po\\er in vehicles may be presented by recent 
California legislation requiring that 10% of new cars offered for sale within the state be non- 
polluting vehicles by 2003. The ZEV standards could be met by electric vehicles with electricity 
generated by onboard hydrogen-powered fuel cells. as well as by battery-powered electric vehicles 
that have already been introduced on a lease basis in California. 

In addition to surface transportation, air transportation is an attractive future application for 
hydrogen. The high energy content per unit of weight of liquid hydrogen makes it an attractive 
aircraft fuel. It offers noticeable savings in fuel consumption and in aircraft weight when 
compared with current jet fuel. These advantages are particularly significant for supersonic 
aircraft. Because air transportation has a unique and dedicated energy infrastructure, conversion to 
hydrogen would be much less complex than a similar transition in the area of ground 
transportation. 

Mid-term opportunities, within 10 to 13 years, will involve the use of hydrogen in electric 
utility power generation. Initial uses could include supplemental blending of hydrogen with natural 
gas for electricity generation to reduce emissions. Longer term, hydrogen-powered fuel cells could 
provide on-site electricity generation for remote commercial and residential locations. Hydrogen 
could also be produced by renewable sources, such as wind power and photovoltaic installations, 
for energy storage and reconversion to electricity to be used when the intennittmt renewable 
sources are not generating power. 

These expanded uses of hydrogen in 
energy will depend upon more research and 
development to identify and overcome economic 
and technical baniers. 
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energy are hydrogen's high cost of production and the selection of the best feedstock and 
production process. 

Production research is focused on technoioijes that have moderate to high potential for 
overcomrng cost and energy source barriers. There are active research and development projects 
for photoconversion methods such as photobiological and photoelectrochemical systems, and 
thermochemical processes such as gasification and pyrolysis. These technologies are in the early 
research and development stages, but have strong potential for being cost-effective production 
systems. These processes use renewable sources oL' energy for hydrogen production. 

The photoconversion production of hydrogcn uses as its resource base solar energy-in the 
form of sunlight-and water. The production systcni uses energy from sunlight to dissociate, or 



split, water into hydrogen and oxygen. This process uses light energy without going through the 
separate electric generation step required by electrolysis. Photoconversion couples a light- 
absorbing system with a water-splitting catalyst-a substance to initiate or speed up a chemical 
reaction. 

There are two primary classlfications of such systems, photobiological and 
photoelectrochemical. In the photobiological processes, chlorophyll, contained in living plants, is 
the light-absorbing material, and an enzyme is the water-splitting catalyst. In the 
photoelectrochemical system, also referred to as photoelectrolysis, a semiconductor is the light- 
absorbing material and a metal is the catalyst. 

Thermochemical production processes use heat to produce hydrogen from various sources, 
including natural gas and gases derived from coal. solid waste, and biomass. Production from 
biomass either by gasification or pyrolysis holds considerable promise among technolog~es that 
derive hydrogen from renewable energy sources. 
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Production Csing Photobiological Technology 

Photobiological processes for hydrogen production involve the generation of hydrogen 
from biological systems, generally using sunlight. Certain algae and bacteria can produce 
hydrogen under specific conditions. Pigments in algae absorb solar energy, and enzymes in the 
cell act as catalysts to split water into its hydrogen and oxygen components. 

Research and development is in progress to better understand the detailed mechanisms in 
these biological systems. However, these programs are in early stages of research and 
development and energy conversion efficiency-the mount  of hydrogen energy produced as a 
percent of incident sunlight energy-is low, at about 5%. These processes require advances in 
efficiency and reductions in anticipated capital costs to become viable methods for producing 
hydrogen on a broad scale. 

Research is focused on two approaches: w hole-cell systems involving bacteria, and cell- 
free systems that isolate and use just the hydrogen-producing enzymes. The whole-cell systems 
have potential for near-term production at solar conversion efficiencies of 5% to 10% whereas the 
cell-free systems have promise for more Iong-tern technologies that may produce efficiencies of 
greater than 10%. 

In addition to problems with low conversion efficiencies, nearly all enzymes that break out 
hydrogen are also seriously inhibited by the presence of oxygen, a key component of water 
splitting. There is also the problem of regenerating the systems to extend production periods and 
improve production stability. 

There are several research activities in place to address these concerns with photobiological 
production processes, including: 

a Near-term identification of bacteria and development of a system that can produce hydrogen 
from synthetic gas at ambient temperature and pressure in darkness. More than 300 strains 
of this unique type of bacteria have been isolated from natural sources. 

Creation of  a strain of a hydrogen-producing microbe that is tolerant of oxygen. Currently, 
six oxygen-tolerant bacterial strains have been identified that also produce hydrogen. 
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Research is focusing on genetic transfer of ihese enzymes to create stable hydrogen- 
producing strains of algae. 

0 Development of a cell-free system that will spatially separate hydrogen-producing enzymes 
from oxvgcn-producing enzymes with a solid surface. The physical separation will 
overconic ihe oxygen-tolerance problem, and cell-free systems have the long-term potential 
to reach energy conversion efficiencies of nearly 25%. 

0 Extension of hydrogen production periods in batch or continuous cultures to periods of 
months rather than the current production pciiods of days or weeks. 

Production Using Photoelectrochemical Technology 

The photoelectrochemical process uses semiconducting electrodes in a photoelectrochemical 
cell to convert optical energy into chemical energy. There are essentially two types of 
photoelectrochemical systems-one using semiconductors and another using dissolved metal 
complexes. 

In the first type, a semiconductor surface is used to both absorb solar energy and to act as 
an electrode for splitting water. This technology is still at an early stage of development, although 
energy conversion efficiency has increased from less than 1% in 1974 to more than 8% at present. 
Even higher eiiiciencies have been obtained with t h t  addition of an external electric charge to help 
drive the chemical reaction. 

Operating lifetimes of these systems are limited because of the light-induced corrosion of 
semiconductor materids and other chemical effects. Current research is focused on improving cell 
energy conversion efticiency and lifetime, and reducing costs. Projects are active in the following 
areas: 

Idenutying new semiconductor matenals m ith high conversion efficiency and stability. At 
present. the material with the highest efficiency IS a compound-known as p-type indium 
phosphide-that acts as a semiconductor. The most stable photoelectrode is titanium 
dioxidc. however, this material has a conversion efficiency of less than 1%. Both of these 
matenals require some external voltage to aid in the water-splitting reaction. Other 
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matenals, which require no external electnut?. are being studied, including indium gallium 
phosphide. amorphous silicon. stable organic semiconductors, and various new 
semiconductor alloys. 

Researching new approaches to reduce corrosion. One of the more promising methods is 
to use ultra-thin layers of protective material on the electrode surface. 

Incorporating multiple layers and sensitized dyes to maximize solar absorption and 
conversion to hydrogen. Such a design mimics the action of photosynthesis where 
multlplrt photoconversion systems function tozether to enhance sunlight energy to drive 
chemical reactions. Investigations are proceeding in the areas of low-cost systems, 
multiple layers of organic dyes, and thin-film semiconductors. 

The sccond type of photoelectrochemical system uses dissolved metal complexes as a 
catalyst. The soluble metal complex absorbs energy and creates an electric charge separation, 
which drives the water-splitting reaction. Researchers are focusing on identifying catalysts that can 
more efficiently dissociate water and produce hydrogen. This method is currently less advanced 
than the semiconductor processes, but offers the prospect of avoiding corrosion problems. , 

Production by Gasification or Pyrolysis of Biomass 

Applyin: heat to coal, municipal solid waste. and biomass-wood, grasses, and agricultural 
waste-produces scverd different gases, including hydrogen. The composition of the gases 
depends on the type of feedstock, the availability o f  oxygen, the temperature of the reaction, and 
other parameters. Hydrogen in the gas can range from a small percentage to the majority of the 
gas, varying the heating value by as much as a factor of five. 

Renewable hydrogen research is currently focused on medium-heating-value gas from 
biomass for use as a fuel or chemical gas feedstock. Gasitication of biomass uses either waste or 
dedicated feedstocks, such as grasses or trees groun specifically as an energy source. Biomass 
gasrfiers have been developed using fixed-bed, fluidized-bed, and entrained-bed combustion 
technologies. 

An important cnvironmental advantage of using sustainably grown biomass as a hydrogen 
feedstock is that the ciubon dioxide-a principal climate-changing emission-emitted in biomass 

3/1/95 FINAL 9 



conversion contnbutes no increase in total carbon dioxide in the atmosphere. Carbon dioxide is 
consumed by the biomass while growing, and the conversion process only returns the same 
amount of carbon dioxide back to the air. 

For biomass to become a cost-effective source oi  hydrogen, significant research advances 
must be made. Txhniques for separating and purifying the hydrogen by use of selective 
membranes or catalytic processes must be improved. More efficient concepts for gas c leanup the 
removal of tars and oils-need to be evaluated. A high priority of research is to focus on an 
advanced catalytic gasfication concept to determine performance when the gasifier is run 
continuously. 

An alternative method of producing hydrogen from biomass is a combination of pyrolysis 
and steam- refoi-niing processes. Pyrolysis is the process of using heat to break apart complex 
molecules into simpler units. Applying this to biomass generates reactive vapors, which then can 
be converted to h! drogen, carbon monoxide, and carbon dioxide using steam in a catalytic 
environment. This process has the potential for being one of the least expensive production 
technologies, but i t  is at an early stage of research. Researchers are focusing on iden-g 
optimum catalysts for the steam-reforming step, and on evaluating the economic feasibility and 
environmental sustainability of the total process. 

FUTURE STORAGE TECHNOLOGlES 

Cost-effective storage systems are critical to the widespread use of hydrogen as a viable 
energy option. Current storage methods are too expensive and do not meet the performance 
requirements of the various applications. This is especially true for hydrogen's potential use as a 
transportation fucl. where there is a need for high energy density-energy content per unit of space- 
and lightweight mobile storage. At normal temperamre and pressure conditions, hydrogen has an 
extremely low energy density, about 1/3300 that of gasoline. A strategic long-range storage goal 
for transportation is to achieve weight and volume storage densities comparable to gasoline. 

Volume dcnsiiy and weight are not Such critical Pictors for utllity and other stationary 
applications: rathcr, storage efficiency-energy losscs due to the storage process-and system costs 
are the major considerations. 
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An economic. practical hydrogen storage SJ .tern depends on capacity, structural integrity 
of the storafe matei-ial, total cost, and conditions rquired for storage, including temperature, 
pressure, and purl ty of' hydrogen. Research into I~ i ture  storage technologies focuses onphysical 
storage in a compressed gas or liquefied state, arid solid-state storage using gas-on-solid 
adsorption in materials such as high surface-area carbon. or absorption in the interstices of a metal 
hydride. 

Research in Physical Storage Systems 

Storage 01' hydrogen in the form of compressed gas and cryogenic liquid-storage at 
extremely low temperatures-is practical and available today. But current technology is not practical 
for widespread cncrg y use. Cryogenic liquid hydrogen requires significant energy consumption 
for the liquet'action process, and it is expensive. Compressed gas is stored at 14 to 17 megapascals 
(MPa) (2000 to 2500 pounds per square inch [psi]) and currently requires large, heavy containers. 

Research is directed toward improving these existing technologies, and some promising 
results are coming from the use of new, lightweight graphite composite material developed for 
aerospace projects. This material has the potential lor providing high-pressure-up to 41 MPa 
(6000 psi)-hydrogcn storage in lightweight containcrs for transportation applications. Additional 
research and safet! testing is required to develop practical, safe, and reliable storage systems using 
these new ni a te ri als. 

Advances in Solid-state Storage Methods 

Solid-state storage-gas-on-solids and metal hydrides-are safer technologies and store more 
hydrogen pcr unii volume than physical storage. They are also more expensive and heavier. 
Research and development of solid-state methods has focused on determining the hydrogen 
adsorptioddesorption properties of commercially available carbons and zeolites. In order for high- 
performance storage materials to become a reality, a more complete understanding of the 
fundamental mechanisms of solid-state storage is nccded. Specific research is planned or being 
conducted on:  

Determining current and theoretical hydrogen storage capacities, rates of charge and 
discharge. accompanying thermal and mechanical effects, and costs of available materials. 
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Establishing the capability to manufacture conventional solid-state hydrogen storage 
matcnais. such as magnesium-based hydridzs and high-surface-area activated carbon. 

e 

e 

Investigating new materials systems, such as fullerenes, a form of carbon; porous silicon; 
porous me tal-silicides; zeolites; dlhydrides and non-classical polyhydrides; transition metal 
and dichalcogcnides; hydrogenated amorphous alloys; metal hydride thin-films; new 
synthsric methods; and highly porous and nanostructured materials. 

Working u.ith the geodynamics of underground storage; compatibility with existing natural 
gas storage facilities; and technology to lower the cost of liquefaction, such as magnetic 
refrigeration. 

Gas-on-Solids Adsorption Technology-Hydrogen can be stored by being adsorbed 
onto the surlacc 01 activated carbon in a method known as gas-on-solid adsorption. The volume 
density of this inethod can actually be higher than compressed gas storage, although weight and 
energy efficiency of the total storage system may not be as great. The adsorption of hydrogen on 
carbon under low temperature-150 K (-190 F)-has ?merged as a promising storage alternative 
from the space program. 

This technology has potential for both stationary and mobile storage applications. The 
weight and volume densities are comparable to liquid hydrogen systems and additional 
improvements are possible. Work is being done to improve knowledge about micropore filling 
mechanisms. Lvhich could lead the way to improving storage capacity. 

Metal Hydride Technology-Certain metals have the ability to absorb and retain 
hydrogen under specific temperature and pressure conditions and then release the gas under 
different conditions. When containing the hydrogen. these metals are called metal hydrides. 
Magnesium is one of the metals most commonly u s d  in this process. 

Hydrides are safe and have high volume density. but are currently expensive compared 
with comprwcd gas or carbon adsorption itorage systems. Low-cost hydrides that can store large 
amounts of hydrogen require high temperatures to 1-<lease the hydrogen. On the other hand, 
hydrides that release hydrogen at lower temperatures are more costly and provide less storage 
capacity. 
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Key factors in developing practical, economic hydride systems are the type of hydride 
used, the desired operating temperature, the desired Lapacity, and various system component costs 
such as packaging and heat exchangers. Hydride s \  stems must demonstrate long life under 
repeated loading ;tnd unloading cycles without signii'icant loss in storage capacity. Capacity can 
also be adversely itliected by trace amounts of impurities in the hydrogen. 

Research 15 dddressing all of these factors. One new direction showing potential for 
practical application is the use of polyhydride complcxes using cobalt and other transition metals. 
Research indicates that these materials have higher wrage capacities and faster recycling times than 
other hydride systciiis tested. 

TRA N S  P 0 R T 

Hydrogen must be transportable to be effective as an energy carrier. A cost-effective and 
efficient delivery infrastructure is needed to move i t  t'rom its point of production to its point of use. 
Current methods 01' delivery are by pipeline, truck. rail and barge. Technologies must stress 
safety, efficiency. and cost-effectiveness. A priniar!. focus of research and development in t$s 
area is on detcnnining the feasibility of using the existing natural gas pipeline network for large- 
scale hydrogen rransport. 

UTILIZATION 

Many use5 of hydrogen are long-term in nauw and will depend on technological 
advancements in the areas of production, storage, and transportation. The most near-term 
application is expccted to be in transportation, eithei- as a fuel additive, as fuel for IC engines, or 
for fuel ceWelectiic vehicles. Because many of the ixhnologies for widespread hydrogen use have 
yet to be developed, research and development of utili&on technology is somewhat limited. The 
current utihzation research is focusing on more neai -mn applications that will be part of the 
transition from a fossil-fuel economy to a hydrogen-based energy economy. 

A kcy use ot hydrogen in the transition ecoiioiiiy will be in reciprocating IC engines to 
meet near-zero mission goals. Research and develqment projects are identlfylng practical 
mixing, ignition. and combustion conditions, and optimizing the use of hydrogen and hydrogen 
mixed with methane in IC engines to be used in con\mtional and hybrid vehicle configurations. 
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An integrated IC c'ngine/delivery/storage system WI LII cfficizncies approaching 45% and addresses 
safety and certification issues of hydrogen use in transportation is a current development goal. 

Research is also being conducted at a theoi-ct:cal le\,el to better understand the complex 
processes that t ikc ,  place in IC engines operating on hydrogen and hydrogen combined with 
hydrocarbon fuels. Computer models developed in this effort will hopefully allow the design and 
manufacture of new. more energy efficient, and cleaner engines to run on these fuels. 

SYSTEM STUDIES 

System studies are conducted in parallel with research and development activities and are 
used to evaluate the ~ a i o u s  possible scenarios for integrating hydrogen into the economy. These 
stuhes include analyses of technologies and processcs and the definition of infrastructure 
requirements of a hydrogen-based economy. 

Study results provide guidance to ensure that the research and development investment is 
directed to those systems and technologies with the best possibility of being implemented. System 
studies address life-cycle cost analysis, system safe 14 concerns, reliability issues, environmental 
analysis, and m a r k  t analysis and assessment. 

Lve-Cycle and Energy Pathway Analysis-In judging the efficiency and economy 
of any energy source o r  carrier, it must be evaluated within the context of its total life-cycle. This 
includes complete costs and benefits for all aspects of all components of the energy system of 
which it is a part. An energy system considers economic and environmental costs and energy 
efficiency, from production of the primary source 01 energy to final end-use. 

Several analytical methods, particularly the Energy Pathway Analysis model, are helping to 
create a balanced portfolio of research and development projects that reduce risk and increase the 
potential for successful implementation of hydrogen technologies. These analyses will be used to 
define costs and economic barriers and benefits relaicd to the utilization of hydrogen as an energy 
canier. The results will identify the infrastructure and institutional changes needed to introduce the 
technology. 

System SuJefy Factors-A common perccption is that hydrogen is a dangerous fuel, 
while, in fact, it is not any more hazardous than other fuels currently in common use. Research and 
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development is iisd in evaluating system safety ;is . i  technological risk factor, focusing on the 
following areas: 

Hydrogen. like natural gas, is odorless and nust have an odorant added so that it can be 
detected t7). the average person in the event oi a le&. 

A hydrogen tlame is virtually invisible when it bums, except in situations of very low 
background lighting, and must have a luminant added to make the exposed flames visible. 
Both the odorant and luminant must be effective in low concentrations, be compatible with 
hydrogen mergy systems, and not compromise emission performance. 
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Reliability of Systems-Hydrogen systems must be at least as reliable as current, 
conventional energy systems. Developing hydrogen technologies and materials to provide greater 
reliability than the present fossil fuel infrastrusture n i l1  contribute to the more rapid application of 
the hydrogen aiteinative. The energy pathways model will be expanded and further developed to 
include a reliability assessment of the pathway options. 

Environmental Analysis-Hydrogen as an cnergy carrier has several environmental 
advantages over conventional fuels, including the abundance of a clean source in water and the 
potential for reducing the carbon dioxide, sulfur oxides, and nitric oxide emissions that result from 
the use of fossil & uels. Analysis evaluates the technical and economic effects of state and federal 
legislative actions to promote and protect a cleaner environment and to reduce global climate 
changes. Environmental issues are studied in regard to hydrogen use as an energy carrier. 

Market Analysis and  Assessment- Identifying stakeholders most likely to be 
affected by the transition to a hydrogen energy system, and determining how hydrogen can be 
introduced to their business plans and operations are all a part of market analysis. These studies 
include information exchange with participants in the utility, chemical, petroleum, and 
transportation industries: trade and professional associations; and insurers. 
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THE FUTURE OF HYDROGEN 

Since hydrogen's potential as an 
energy carrier enicrged during the energy 
crisis of the 197O's, the vision of a 
hydrogen-based energy economy has seeme 
to outpace the realities of hydrogen energy 
technology. Substantial advancements are 
required in technologies for hydrogen 
production, storage, transport, and utilizatio 
before this future can be achieved. 

Hydrogen systems must be 
competitive with other energy alternatives in 
economic, efficiency, and environmental 
benefits before they will achieve widespread 
use and become the basis of a renewable, 
sustainable energy future. By focusing on 
the role of hydrogen energy as a transition 
between fossil-tucl dependence and the 
widespread adoption of renewable resources 
hydrogen can be integrated into the national 
energy picture iw rapidly as is economically 
and technically Icasible. 

As technical and economic barriers are overcome. the future of hydrogen as an energy 
carrier is promising in several areas: 

Hydrogen mixed with fossil fuels to'significanlly reduce pollution from vehicles and 
natural gas-tired power plants 

Hydrogen powered fuel cells to provide non-polluting power for vehicles and stationary 
power generators 

3/1/95 FINAL 18 



Hydrogen as an energy carrier to make inteimittent renewable resources a viable component 
of the national electricity grid 

Significant advances in renewable energy technology and hydrogen technology may even 
create stand-alone. distributed power centers, with renewable systems generating electric and 
hydrogen power lor individual homes, buildings, and office parks. Long-term commitment to 
research, development, and demonstration programs will help hydrogen achieve its full potential as 
an energy carrier of  the future. 
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HANDLING HYDROGEN SAFELY 

Hydrogen is a Part of Life 

Users of hydrogen are as varied as today's global marketplace. 
Hydrogen is a key component in the manutacture of chemicals especially 
ammonia and methanol. It is used in large quantities in refineries for 
manufacturing gasoline and heating oil. It is used to make 
fertilizers, glass, refined metals, vitamins, cosmetics, semiconductor 
circuits, soaps, lubricants, cleaners, margarine, peanut butter and 
rocket fuel. Hydrogen fuel holds much promise for a future in which 
everyone can have energy that is efficient and clean. The properties 
of hydrogen are well known to a variety of producers of consumer goods 
and services, and understanding the special properties of hydrogen is 
necessary for its safe use. Can hydrogen be safely handled? To 
thousands of industrial consumers the answer is yes. 

Millions of pounds of hydrogen are used daily in production plants 
across the country and around the world (50 million pounds daily in 
the U.S. alone). The National Aeronautics and Space Administration 
(NASA) is the largest user of liquid hydrogen in the world. But the 
public's impression of hydrogen is often the consequence of one 
well-published incident the Hindenburg. In fact, the Hindenburg did 
not explode: it did, tragically, catch fire. In 1937, when the accident 
occurred, the practice was to allow the hydrogen to be stored in 
highly combustible materials, a practice which current safety 
regulations do not permit. 

What is often not acknowledged about the Hindenburg tragedy is that 
because hydrogen dissipates quickly, no Hindenburg fatality was the 
result of a bum from hydrogen. 

Most hydrogen today is derived from light hydrocarbons or ammonia, the 
electrolysis of water, or taken as a by-product of petroleum 
production and chlorine manufacture. It is distributed by pipeline, 
over-the-road trailers and rad and barge, via small portable 
containers. 

The following information is not a guideline for establishing equipment designs or 
operating procedures. Information of this type is available in 
numerous regulations, standards, industrial data sheets and technical 
publications mentioned later. 

Hydrogen can be handled safely when guidelines for its safe storage, 
handling and use are observed. Hydrogen is a fuel. To be a fuel it 
must have combustible properties. Hydrogen's combustion properties 
warrant the same caution any fuel should be given, and some cautions 
which are unique to hydrogen. 



HYDROGEN rs A FUEL 

Hydrogen, in its liquid form. has been used as a fuel in space vehicles for years. 
Hydrogen has a high combustion energy per 
pound relative to any other fuel, meaning hydrogen is more efficient 
on a weight basis than fuels currently used in air or ground 
transportation. This weight factor makes hydrogen an attractive fuel. 

Hydrogen is both flammabIe and buoyant. It is flammable over a wider 
range of concentrations than either gasoline or natural gas, but due to 
its buoyancy, it dissipates more rapidly than either of these fuels in 
a spill. Hydrogen gas, like other gases used today, should be used in 
areas that can be ventilated. 

Hydrogen can and has been used safely when guidelines for its proper 
handling and storage are observed. Individuals who work with hydrogen 
systems are trained in hydrogen's safe handling and use by observing 
precautions hke: preventing hydrogen leaks, taking proper action if 
leaks occur, eliminating the opportunity for leaked hydrogen to 
accumulate and eliminating sources of ignition. 

Hydrogen fuel is unique. It is clean. Its primary combustion 
by-product is clean water vapor. Hydrogen is versatile. It can be used 
in applications requiring electricity or gas, and it can link the 
fossil-based energy supply of today with the renewable energy 
tomorrow. 

As the cost of hydrogen comes down and its availability increases, 
interest in its use as a fuel will intensify. Therefore public 
awareness of hydrogen safety is essential. 

HYDROGEN "TOWN GAS" ONCE LIT AMERICA 
In towns and cities all across America, lamplighters once lit gas 
street lights at dusk. Inside middle class homes, gas lamps provided 
light and gas heaters provided warmth. The gas that fueled the lights 
and furnaces was not the natural gas of today. but a hydrogen-rich 
mixture called "town gas" Town gas was manufactured from coal and 
typically contained 50% hydrogen, 50% carbon monoxide and trace 
amounts of other gases like methane. 

Once vast natural gas fields were discovered. long-distance pipelines 
were laid linlung the producing states of the Southwest and Gulf to 
the consumer states in the Northeast and Midwest. Utilities stopped 
manufacturing town gas and switched to the more convenient natural 
gas. Today, more than 1.2 million miles of natural gas pipeline 
criss-cross the U.S. 

Delivery of town gas is rare today, but delivery of pure hydrogen gas 
is not. Approximately 700 miles of hydrogen pipeline exist in the 
US., Germany and England. This is small compared to natural gas 
systems. but it is important to note that there are hydrogen pipelines 



in operation today that deliver gas to the user successfully, 

From the town gas experience of the past, to the hydrogen gas 
experience of today, a solid foundation of knowledge has been 
established on how to handle hydrogen safely. 

Experience Counts 

The US. space program's use of liquid hydrogen began in the 1950s, 
and demand for hydrogen worldwide continues to grow. Industry has 
consistently demonstrated its ability to safely produce, ship and 
handle hydrogen as a gas as well as in liquid form. 

NASA's experience with the safe use of hydrogen began over four 
decades ago and it continues to prove that experience using hydrogen 
can lead to impressive applications that will favorably impact our 
future economy and environment. Not only is hydrogen the major 
propellant used in space flight, but hydrogen fuel cells on board the 
space shuttle power life support systems and computers, and create 
drinkable water as a by-product. 

In a report prepared for the Department of Energy, Factory Mutual Research 
Corporation of Norwood, Massachusetts, compiled 
a data bank of hydrogen accident reports in order to analyze the 
information and anticipate common hazards associated with hydrogen 
use. The study shows a multitude of hydrogen uses dating back to 1965, 
and its safety record is a good one. With the use of hydrogen among a 
wide range of applications, experience with handling hydrogen in its 
different forms is long standing. This report. along with many others, 
has helped form the conclusion that hydrogen. handled properly, will 
be a safe alternative to fossil fuels. 

COMMITTED TO HIGH STANDARDS 
People involved in the manufacture of equipment know the standards for 
the design of hydrogen systems, and individuals who work with these 
hydrogen systems are familiar with safe handling procedures. This 
knowledge is developed through training in the operation of the 
complete system, understanding the properties of hydrogen and 
observing the necessary safety precautions involved in hydrogen 
production, handling and use. 

Many organizations are concerned with hydropen safety. Over the years, 
much effort has gone into the preparation and publication of 
guidelines and requirements for hydrogen systems and equipment. The 
National Fire Protection Association publishes guidelines for storage 
systems. The Department of Transportation regulates the distribution 
of hydrogen over the nation's roads. Associations like the American 
National Standards Institute and the American Society of Mechanical 
Engineers publish standards for components used in hydrogen 
equipment. The Compressed Gas Association sets standards for many gases 
including hydrogen and their materials cover gas production, handling 



and use. 

The standards set by these organizations are high. I t  is industry's 
long standing commitment to these high standards that enables hydrogen 
to be safely handled and used today, and gives the needed experience 
and knowledge for the future. 

SUMMARY 

The potential is great for the widespread use of hydrogen in the 
transportation and residential areas and as a carrier and storage 
medium of energy. Global environmental concerns and future 
limitaiions in the availability and use of hydrocarbon products 
continue to encourage consideration of hydrogen in a variety of 
applications. 

Hydrogen safety continues to be of utmost importance not only to 
those working routinely with hydrogen, but to the general public 
as well. Hydrogen handling has had an excellent safety record. 
This is due to the use of proper safety precautions. 
familiarization with hydrogen properties, and strict adherence to 
rules. regulations and standards established through years of 
experience and research. 

This publication has been reprinted with the permission of the National Hydrogen 
Association. 
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